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ABS'J'RACT 

A  laboratory  investigation  into  some  of  the  strength  effects  re- 
sulting from  the  presence  of  cnished-cravel  fine  aggregate  in  the  bi- 
tiirainous  mixtures  is  reported.  The  scope  of  this  investigation  was  the 
co.'iiparison  of  strength  test  results  from  the  Marshall  Test,  and  "open 
system"  triaxial  test,  and  the  ASTM  compression  test  on  ASTM  and  Modified 
ASTM  test  specimens.  The  strength  properties  of  each  mixture  containing 
various  percentages  of  crashed-gravel  fine  aggregate  were  evaluated  from 
these  standard  tests. 

The  main  variable  used  in  this  investigation  was  the  percentage 
of  criashed -gravel  fine  aggregate,  locally  called  "crasher  dust",  in  the 
fine  aggregate  portions  of  three  types  of  bituminous  surface  mixtures: 
namely,  a  dense-graded  bituminous -concrete  raixt<ire,  a  dense-graded  sand" 
asphalt  mixture,  and  bituminous-concrete  mixtiires  consisting  of  crusher 
dust-natural  aggregate  blends  within  ASTM  specifications  for  3A-i5^ch 
maxirauia  size  aggregate.  Round  natural  sand  and  the  crusher  dust  pro- 
vided the  contrast  in  fine  aggregate  characteristics,  and  in  order  to 
accentuate  the  effects  of  the  fine  aggregate,  a  uniform-type  quartzite 
gravel  was  used  as  the  coarse  aggregate  in  the  bituminous -concrete 
raixt'jres.  All  of  the  bituminous -aggregate  mixt<ires  tested  were  hot 
mixtvires  in  which  an  asphalt  ce-ient  (85-100  penetration)  was  used.  The 
asphalt  content  of  each  mixture  was  that  deterrained  by  the  Corps  of 
Engineers'  design  procedure.  Each  mixture  was  tested  at  its  respective 
design  asphalt  content. 

The  results  of  this  investigation  indicated  appreciable  increases 


in  mixture  strenptl'i  as  the  percentage  of  crusher  dust  in  the  fine  ag- 
gregate was  increased.  This  was  fcvmd  to  be  ime   for  sll  the  types  of 
mixtures  investigated  and  for  all  the  t;^pes  of  laboratorj^  tests  used  in 
this  investigation.  In  general,  percentages  of  criisher  dust  in  the  fine 
aggregate  of  25  tc  75  percent  provided  the  greatest  improvement  in  mix- 
ture strength. 

Additional  investigation  indicated  that  distribution  of  asphalt 
betweeri  the  coarse  aggregate  and  fine  aggregate  fractions  of  the  bitu- 
minous-concrete mixtures  had  an  influence  on  tht;  triaxia]  strength  char- 
acteristics of  these  mixtures.  This  distril'Ution  of  asphalt  vrithin  these 
mixtures  was  influenced  by  the  amount  of  asphalt  in  the  mixtvre,  which 
in  tiirn  was  influenced  by  the  amount  of  crushed -gravel  fine  aggregate. 

It  was  dem.onstrated  that  the  addition  of  crushed -gravel  fine  ag- 
gregate tc  round  natural  sand  materially  increased  the  strength  of  bi- 
tuminous-concrete mixtures  and  sand-aephalt  mixtures  prepared  witii  all 
round  natural  sand  in  the  fine  aggregate. 


EFFECT  OF  CRUSiiLD-GrfAVEL  FIIIE  AGGREGATE 

ON  THE 
STHEMGTH  OF  EITlJl'IINCUS  S'JFFA.CE  MIXT'JRES 


INTRODUCTION 
Ever  since  the  first  days  of  modern  bituninoas  paving  construction, 
one  of  the  prime  interests  of  highvray  engineers  has  been  centered  around 
increasing  the  strength  of  bitiiminous  surface  mi)ctures.  In  this  con- 
sideration, they  have  been  aware  that  the  shape  and  texture  of  the  min- 
eral aggregate  affect  the  strength  of  the  bituminous  mixtures  in  which 
the  aggregate  is  used.  It  has  been  found  that  raixt-ures  containing  min- 
eral aggregate  with  markedly  angular  and  rough-textured  characteristics 
generally  develop  a  greater  strength  or  stability   than  the  same  mix- 
tures made  with  round,  smooth-textured  mineral  aggregates.  Since  an  in- 
crease of  stability  presently  is  greatly  desired  because  of  the  develop- 
ment of  heavier  traffic  loads  on  pavements,  highway  engineers  have  been 
specifying  the  use  of  crushed  mineral  aggregates  in  the  coarse  aggregate 
fraction  of  bituminous  pavement  mixtures  whenever  and  wherever  practical. 


1,  Stability  is  generally  defined  as  that  property  of  a  bitum- 
inous-aggregate mixture  which  permits  the  mix  to  successfully  resist 
permanent  distortions  under  traffic  loads. 


2. 

In  many  areas  of  the  country  where  gravel  sources  are  abundant, 
the  strength  of  the  local  bituminous  surfaces  mlxtares  has  been  increased 
by  crushing-  part  of  the  round  gravel  used  as  the  coarse  aggregate  in  the 
mixture.  This  was  thought  to  be  a  promising  approach  since  crushed- 
gi-aTel  coarse  aggregate  was  more  angtilar  and  rough- textured  than  the 
round,  natural  gravel.  Many  highway  departments  have  accepted  this 
method  of  inci^asing  strength  in  bituminous  surface  mixtures  in  speci- 
fying a  certain  percentaf:e  of  crushed  coarse  aggregate  in  their  current 
specifications.  Sand  produced  by  crushing  stone,  alone  or  blended  with 
natural  sands,  has  been  used  to  improve  mixture  stability  in  some  areas. 
Use  of  crushed  sand  produced  from  gravel  is  a  relatively  new  idea. 

In  some  sections  of  this  coimtry  highway  engineers  have  observed 
many  of  their  asphalt  pavements  not  meeting  performace  standards  be- 
cause of  deficiencies  in  the  local  mineral  aggregate  incorporated  into 
the  bitominous  mixes,  A  currently  proposed  remedy  in  some  instances  has 
been  to  r-rush  the  smaller-size  gravels  into  sand  size  and  to  use  the  ef- 
fect gained  from  the  ang'alarity  and  improved  surface  texture  for  produc- 
ing satisfactory  bituminous  surface  mixtures.  There  are  localities 
where  this  crushed-gravel  fine  aggregate  has  been  used  as  the  entire 
sand  fraction  alone  in  order  to  render  a  satisfactory  use  of  their  ag- 
gregate source  for  bituminous  surface  mixtures;  on  the  other  hand,  there 
are  some  localities  which  have  found  it  adequat-e  to  blend  a  certain  per- 
centage of  crushed-gra'/el  fine  aggregate  with  their  natural  plant-run 
sands  to  produce  bituminous  surface  mixtures  that  will  meet  modem  per- 
fornance  tests.  This  "sweetening"  of  a  natural  plant-run  sand  with  a 
satisfactory  percentage  of  crushed =gravel  fine  aggregate  offers,  in 


3. 
many  instances,  a  meaiis  of  re-\dtali7ation  to  agf.repc-te  sources  that 
wert-  depleting  because  they  have  not  been  able  tc  stipply  the  quality  of 
aggregate  that  is  needed  for  current  strength  requirements  in  bituminous 
surface  mixtures. 

Although  crushed -grsvel  fine  aggregate  has  been  observed  tc  in- 
crease the  strength  of  bituminous  surface  mixtures,  its  use  has  been 
limited  and  therf  still  remain  questions  pertaining  to  its  lirr.itations 
and  feasibility  when  used  in  these  mixtures. 

This  is  an  investigation,  then,  intc  the  effect  of  crushed -gravel 
fine  aggregate  on  the  strength  of  sone  typical  bitumirrf^us  surface  mix- 
tures. The  strength  evaluation  is  based  upon  data  obtained  from  three 
laboretorj^  strength  tests,  nar.iely;  the  Marshall  test,  a  trlaxial  test 
usirg  Mohr's  theorj-  of  strength,  and  the  ASTK  Compressive  Strength  Test 
for  Bituminous  Mixtures  (ASTM  Designation:  B107L-52T)  as  applied  tc 
Modified  ASTM  and  ASTM  test  specimens.  It  is  believed  that  comparisons 
and  concZiisions  can  be  obtained  from  these  laboratory  atrength  tests  to 
result  in  a  satisfactorj"  strength  evaluation  of  the  bitimincus  surface 
mixtures  investigated. 

The  laborstorj-  test  data  have  not  been  conflated  vrith  data  from 
bituminous  paving  mixtures  containing  differently  shaped  and  textured 
mineral  aggregates  from  other  sources  than  those  used  in  this  investi- 
gation, nor  have  they  been  correlated  under  the  conditions  imposed  by 
traffic  and  vjeather.  Although  the  strength  evaluation  of  the  crushed - 
gravel  fine  aggregate  made  in  this  study  is  definitely  linited  in  this 
respect,  it  is  believed  that  this  investigation  will  "pave  the  way" 
for  further  investigations  of  crusher-run  gravel  sands  in  bituminous 
mixtures. 


li. 


REVILV;  OF  THE  LITERATURE 

The  importance  of  using  angular  aggregates  for  producing  greater 
strength  in  bituminous  mixes  has  been  reflected  through  many  written 
articles.  However,  a  great  percentage  of  these  articles  have  stressed 
the  importance  of  angular  aggregates  in  the  coarse  aggregate  fraction  of 
bituminous  mixtures,  and  it  has  been  only  recently  that  a  substantial 
amount  of  literature  has  been  published  on  the  subject  of  angularity  of 
sands  in  the  fine  aggregate  fraction  of  bitaminous  mixtures.  The  im- 
portance of  angularity  in  the  fine  aggregate  of  bituminous  surface  mix- 
tures has  been  realized  in  the  past  few  years  mainly  by  field  experience. 
Research  and  testing  programs,  such  £S  the-^  one   conducted  by  the  Cooley 
Gravel  Company  in  Denver,  Colorado(lO)   in  which  crushed -gravel  sand  was 
used,  are  few  in  number. 

In  order  to  have  an  understanding  of  the  procedures,  tests  and 
materials  used  in  this  investigation,  this  review  of  literature  will 
embrace  some  of  the  literature  pertaining  to  the  following  topics: 
(a)  Characteristics  of  Bituminous  Surface  Mixtures,  (b)  Aggregate  Shape 
and  Stability,  (c)  Fine  Aggregate  Factors  Affecting  Mixture  Strength, 
(d)  Corps  of  Engineers*  Design  Test,  (e)  Triaxial  Compression  Test,  and 
(f)  ASTM  Compression  Test. 


2,  Nujnbers  in  parentheses  refer  to  references  listed  in  the 
List  of  Pefernces, 


Characteristics  of  Bituminous  Surface  Mixtures 

The  modenn  flexible-type  pavement  is  a  composite  structure  of  a 
number  of  superimposed  layers  of  bituminous  and  non-bituminous  courses 
resting  on  the  subgrade.  The  component  parts,  although  interdependent, 
function  as  a  whole.  Each  component  part  carries  a  stress  imposed  by 
traffic  loads  and  distributes  this  stress  to  a  lower  component.  The 
primary  function  of  the  combined  structure  is  to  have  adequate  bearing 
capacity  for  carrying  all  traffic  loads  imposed  on  it  and  to  reduce  the 
stress  transmitted  to  the  soil  subgrade  to  a  value  which  it  is  capable 
of  supporting  without  excessive  defoliation. 

The  vrearing  surface,  or  bitiiminous  surface  mixture,  transmits  the 
highest  stress  and  therefore  its  design  must  incorporate  the  highest 
strength  values  of  the  whole  pavement.  In  order  to  avoid  such  surface 
failures  as  shoving  and  rutting,  a  correctly  designed  wearing  course 
should  be  of  sufficient  thickness  and  stability  to  resist  displacement 
by  the  action  of  traffic.  Adequate  strength  and  durability  of  the  min- 
eral aggregates  are  necessary  for  this  purpose  in  addition  to  the  ability 
of  the  bituminous  binder  to  withstand  weathering  effects  and  hold  the 
aggregates  in  place  under  load  stresses. 

The  load-bearing  capacity  of  the  aggregate  will  depend  upon  its 
strength  and  upon  the  degree  to  which  the  particles  are  held  in  place 
either  by  interlocking  or  by  the  cementing;  action  of  the  bituminous 
binder.  V/ell-graded  and  compacted  aggregate,  therefore,  is  less  depend- 
ent upon  the  bituminous  binder  for  stability  and,  conversely,  where 
good  interlocking  is  lacking,  either  because  of  deficiency  in  grading 
or  because  of  the  nature  of  the  aggregate,  the  bond  required  for  stab- 
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ility  must  be  provided  by  the  bituminous  material. 

If  the  bituminous  material  available  is  deficient  in  cementing 
properties,  the  aggregate  used  with  it  should  possess  the  necessary 
inherent  stability  due  to  its  dense  grading  and  surface  characteristic. 
This  does  not  mean,  however,  that  cementitious  binders  are  not  used  with 
dense-graded  aggregates.  In  fact,  this  combination  is  frequently  used 
where  increased  strength  and  resistance  to  moisture  and  oxidization  of 
the  bituminous  material  in  service  are  required.  Typical  examples  of 
this  combination  are  standard  sheet  asphalt  and  hot-mixed,  hot-laid 
bituminous  concrete  pavements  (5,6)  in  which  the  aggregates  are  densely 
graded  and  the  bituminous  material  is  an  asphaltic  cement  that,  after 
mixing  with  the  hot  aggregate,  develops  cementing  property  at  air  terap- 
eratxxre . 

Aggregate  Shape  and  Stability 

The  shape  of  mineral  aggregate  is  difficult  to  define  and  measure. 
Shape  is  usually  defined  as  the  degree  of  roundness  or  the  degree  of  an- 
gularity of  the  aggregate.  Individual  pieces  may  be  observed  as  angular, 
rounded,  flat  and  elongated,  or  any  combination  of  these  and  other  shapes. 
Their  shape  characteristics  are  most  practically  defined  by  the  widely 
used  method  of  visual  examination. 

Angularity  is  specified  in  highway  construction  by  the  number  of 
fractured  faces  of  a  piece  of  gravel.  Various  state  highway  department 
specifications  define  a  crushed-gravel  aggregate  as  one  possessing  one 
or  more  appreciably  crushed  or  fractured  faces.  The  specifications  us- 
ually require  a  minimum  percentage  of  gravel  to  be  crushed  when  the 
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gravel  is  used  as  the  coarse  aggregate.  The  minimum  percentage  of 
cinished  gravel  specified  varies  with  the  type  of  bitianinous  mixtui*  in 
which  it  is  incorporated,  and  generally  the  minimum  percentage  increases 
with  higher  tjT^es  of  bitijminous  mixtures. 

Surface  texture  of  the  aggregate  usually  varies  as  the  shape  is 
changed.  There  is  little  information  available  regarding  what  part  of 
the  change  of  strength  is  due  to  the  change  in  surface  texture,  and  what 
part  is  due  to  the  change  in  shape.  Primarily  this  lack  of  information 
has  been  due  to  the  absence  of  a  desirable  method  for  measuring  surface 
texture  and  shape  of  the  aggregate. 

Paving  engineers  began  to  be  concerned  with  aggregate  shape  when 
they  observed  the  performance  of  crushed  stone  and  round  gravel  in  bi- 
tuminous siirface  mixtures.  The  angular  crushed-stone  aggregates  in  these 
mixtures  were  seen  to  give  more  stability  than  round  gravel  aggregates  in 
the  general  case.  It  was  believed  that  the  round  gravel  did  not  interlock 
as  well  as  the  angular  crushed  stone  in  these  mixtures.  The  increased 
stability  was  believed  due  to  the  excellent  interlocking  qualities  of  the 
sharp,  angular  aggregate!  22), 

With  the  greater  use  of  higher  types  of  bituminous-aggregate  mix- 
tures, specific  ideas  began  to  gradually  change.  Thus,  the  idea  develop- 
ed that  the  shape  of  the  aggregate  becomes  less  important  with  higher 
types  of  bituminous  mixtures.  Open  and  one -size  aggregate  gradations  for 
surface  treatments  and  macadams  definitely  need  angular  aggregates  (3U), 
Conversely,  dense-graded  bituminous  mixtures  have  been  found  to  be  quite 
stable,  in  instances,  when  made  with  round  gravel(27).  The  stability  of 
dense-graded  bituminous  mixtures  was  thought  to  be  more  dependent  upon 
the  amount  and  gradation  of  fine  aggregate  and  the  propx^rtion  of  bi- 
tuminous  binder  rather  on  the  amount  of  crushed  aggregate  particles  (39)« 
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Campen  and  Smith  (8),  using  the  Omaha  Testing  Laboratory  bearing- 
index,  and  Martin  and  Layman  (27),  using  the  Hveem  Stabilometer  for  the 
evaluation  of  dense-graded  bituminous -aggregate  mixtures,  have  found 
that  angular  crushed  stone  produces  a  more  stable  mix  than  round  gravel, 
V/hen  angular  crushed-stone  sand  was  used  instead  of  a  natural  river  sand, 
they  foimd  that  the  stability  of  the  mixtures  was  increased  regardless 
of  whether  crushed-stcne  or  uncrushed -gravel  was  used  as  the  coarse  ag- 
gregate fraction.  This  follows  in  line  with  the  observation  made  by 
Herrin  (19)  on  his  vrork  with  similar  types  of  aggregate  and  mixtures. 

Fine  Aggregate  Factors  Affecting  Mixture  Strength 

The  fine  aggregate  used  in  bituminous  mixtures  is.  generally 
called  "sand"  and  is  the  fine  granular  material  resulting  from  the  nat- 
ural disintegration  of  rock  or  the  commercial  crushing  of  gravel  or 
stone.  There  are  several  definitions  of  the  size  of  sand  particles. 
The  ASTM  Committee  on  Soils  for  Engineering  Purposes  defines  sand  as 
being  between  0,05  and  2,0  mm.,  2,0  mm,  being  the  opening  of  a  No,  10 
mesh  sieve.  On  the  other  hand,  numerous  other  sources  define  sand  as 
that  material  passing  a  No.  h   or  ■!  inch  sieve  instead  of  a  No.  10  mesh 
sieve,  and  many  contractors,  engineers  and  designers  think  of  sand  in 
that  sense,  especially  as  applied  to  bituminous  mixtures. 

Generally,  there  are  many  different  types  cf  sand,  each  of  which 
possesses  a  characteristic  gradation  and  aggregate  shape.   It  is  often 
necessary  that  two  or  more  of  the  different  types  of  sand  be  blended  in 
order  to  have  a  desirable  gradation  and  mix-stability  for  bitmainous 
mixtures . 
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The  Barber-Greene  Company,  in  their  handbook  (6),  states  the 

folloiri.ng  definition  of  artificial  sand: 

Artificial  sand  is  the  fine  material  below  a  No.  1|  or  ^  inch  in 
size  produced  when  gravel  or  stone  is  crashed.  Crusher  screenings 
are  often  called  artificial  sands  and  are  that  part  of  crushed  stone 
or  gravel  passing  a  No,  U  or  ^  inch  screen.  These  screenings  vary 
considerably  as  tc  angularity  and  gradation,  depending  upion  the  tjpe 
of  rock  crushed.  Most  crusher  screenir.gs  Tutge   in  gradation  from 
^  inch  down  to  and  inclrding  0  to  6  percent  rat^sing  the  No,  200  mesh 
sieve,  and  they  are  fairly  well  gTHoeOf   although  in  many  casep  they 
are  deficient  ir.  the  No,  IjO  to  No*  300  mesh  si7e. 

Round  and  natural  sai^ds  are  extracted  coinmercially  from  gravel  pits, 
srnd  pits,  or  along  waterways  such  as  streams  and  lakes.  In  any  case, 
tl.'ey  are  deposited  and  worked  by  wind,  water  cr  ice  and  have  been  sub- 
jected to  chemical  disintegration.  Although  the  sands  differ  among  them- 
selves (36),  the  factors  of  nature  generally  produce  round  and  smooth- 
faced sand  grains.  However,  the  angular  characteristics  cf  natural  sand 
are  more  variable  as  compared  to  ari  artificisl  sand,  or  a  sand  resulting 
from  a  cimshing  process. 

In  1929  Kriege  and  Gilbert (26)  begrn  investigations  on  some  of  the 

salient  properties  of  bitumen-aggregate  mixtures  which  control  their 

behavior  in  pavements.  They  stated: 

One  factor  which  came  up  early  for  consideration  wa55  the  effect  of 
10  -  15  percent  cf  limestone  fine  aggregate  (I/8  inch  to  dust)  as 
a  bitumen  carrier  on  the  structural  strength  of  the  whole  mix. 
The  results  pointtd  in  everj^  case  to  marked  increase  in  strength 
with  the  fine  material  present.  This  appeared  to  have  a  stabiliz- 
ing effect  rot  only  on  the  asphaltic  material  but  on  a  wedging  ac- 
tion pireventing  the  easy  displscement  of  the  coarse  aggregate  part- 
icles from  their  original  position.  The  latter  effect  is  apparent- 
ly the  more  important. 

Others,  such  as  Spielman  and  Hughes  (1^20),  agree  that  sand  an- 
gularity is  important  for  strength  and  give  the  credit  for  high  strength 
characteristics  to  compaction  and  a  small  percentage  of  Toids  present  in 
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the  mixture  when  angulsr  sands  are  used.  Skidmore  (LtO)  agrees,  but 
further  states  that  the  subject  of  fine  aggregate  strength  in  bituminous 
mixtures  divides  itself  into  two  distinct  sections,  fine  aggregate ,  ex- 
clusive of  filler,  arid  filler,  each  requiring  somewhat  different  treat- 
ment. He  goes  on  to  say  that  fillers  give  different  results  with  a 
given  sand  and  each  should  be  studied  separately  for  the  type  of  mixture 
investigated.  It  is  the  opinion  cf  many  that  fillers  make  a  mix  more 
or  less  workable  according  to  the  amount  used,  arsd  that  mixture  strength 
is  influenced  not  only  by  gradation  and  angularity  of  the  sand,  but  by 
the  amount  and  character  of  the  miners 3  fiUer  as  well.  Hubbard  (22) 
states  that  the  addition  cf  a  mineral  fiLler  to  any  sand  will  increase 
stability  so  long  as  it  reduces  voids  in  the  aggregate. 

Some  paAdng  engineers  such  as  Skidmore  (Uc)  agree  that  stability 
of  bituminous  mixtures  increases  with  the  angularity  of  the  fine  ag- 
gregate; however,  they  further  believe  that  inherent  stability  of  the 
coarse  aggregate  is  relatively  Mgh  comy^ared  to  the  fine  aggregate. 
They  believe  that  the  hardness  of  the  individual  fragment  is  not  nearly 
so  important  a  characteristic  in  sands  as  in  coai'se  aggregates.  However, 
others  like  Herrin  (19)  found  the  converse  to  be  true.  They  fovmd  that 
iregardless  of  the  type  of  coarse  aggregate  used,  the  greatest  change  in 
stability  was  due  to  the  properties  of  the  fine  aggregate -which  varied 
from  an  angular  sand  to  a  round  natural  sand,  Caripen  and  Smith  (8)  say 
that  satisfactory  stability  can  be  developed  by  replacing  frcm  20  to  UO 
percent  of  the  aggregate  in  a  weak -sand  mixture  with  angular  sand, 

V,  h,   CaiTipen,  in  a  discussion  on  Vokac's  article  (U8),  and  invest- 
igations made  by  the  Cooley  Gravel  Company  of  Denver  (lo)  seem  to  agree 
that  the  addition  of  round  natural  sand  increases  workability  of  the  mix 
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due  to  its  lubricating  qualities^ at  the  same  time  reduces  stability. 

The  Cooley  Gravel  Company  (lO),  after  conducting  strength  tests 

for  ccmpiaring  their  local  natural  sand  with  a  crushed-gravel  sand  in 

bituminous -concrete  mixtures,  found  the  following  information: 

In  as  much  as  angularity  of  the  particles  is  a  factor  in  the  stabil- 
ity of  asphalt  mixes,  we  had  the  Omaha  Testing  Lab,  determine  the 
percent  of  crushed  par-ticles  in  our  crusher  run.  These  results  are 
found  at  the  bottom  of  Page  5,  [91.8^ J  .  VJe  belive  the  ability  of 
these  crushed  particles  to  increase  internal  friction,  tiie   gradation 
of  the  crusher  product  and  the  fact  that  the  fines  are  actually  dust 
of  fracture  rather  than  clay  or  soil  are  the  contributing  factors 
th^t  go  to  make  this  crusher  run  material  superior  to  most  of  the 
material  new  used  in  this  area.  From  an  economic  standpoint,  it 
will  be  a  one  bin  material,  produced  at  not  exceeding  2%   moisture 
content,  and  no  mineral  filler  will  be  required.   It  will  make  an 
asphalt  mix  that  may  be  used  for  anything  from  a  skin  patch  to  a 
2  inch  deck  with  consistent  results.  \\e   feel  that  it  will  eliminate 
the  necessity  of  a  seal  coat  often  required  with  a  coarser  aggregate 
used  in  Colorado, 

The  properties  of  the  fine  aggregate  that  contribute  to  the  stabil- 
ity of  a  bituminous  mixture  can  be  summarized  as  follows: 

1.  Grading.  (6, UC,  19, h9,2ii) 

2.  Angularity,  surface  texture  and  porosity,  (3^,12,140,26, 
38,19,8) 

3.  Filler  fineness,  shape  of  grains,  etc.  (iiO,33) 
U.  Hardness.  (Uo) 

5.  Uniformity  of  mixture  and  manufacture  control,  (U0,6) 

6.  Voids  in  dry  state,  (1*0, i|2) 


Corps  of  Engineers'  Design  Test 
Dtiring  World  War  II  the  Corps  of  Engineers  was  faced  with  the  nec- 
essity for  developing  a  method  of  bituminous  mixture  design  and  a  simple 
readily  performed  stability  test  that  could  be  employed  reliably  by  those 
who  were  not  specialists.  The  goal  was  field  use  and  simple  techniques. 
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Early  work  carried  out  in  this  direction  consisted  in  a  survey  of  ex- 
isting test  methods.  All  were  abandoned  for  certain  reasons  except  the 
Marshall  Test  apparatus.  The  test  itself  is  simple  and  the  apparatus  is 
rugged  and  portable.  The  Corjs  of  Engineers  then  decide  to  do  further 
development  work  on  mixture  design  utilizing  the  Marshall  apparatus. 

The  work  on  the  Marshall  Test  has  been  developed  by  the  Corps  of 
Engineers  Flexible  Pavement  Laboratory  at  the  U.S.  Waterways  Experiment 
Station,  Vicksburg,  Mississippi,  At  the  present  time  the  Corps  of  Engi- 
neers are  continuing  the  correlation  of  Marshall  Test  data  with  design 
and  field  perfom.ance,  McFadden  and  Ricketts  (28)  have  written  on 
the  Corps  of  Engineers'  survey  on  the  design  and  field  control  of  as- 
phalt paving  for  military  organiations . 

The  Corps  cf  Engineers'  design  procedure  limits  aggregate  grada- 
tions for  the  specifjc  type  of  bituminous-aggregate  mixture  produced. 
One  of  the  main  purposes  of  the  procedure  is  the  determination  cf  de- 
sign asphalt  content.  Here  the  Corps  specifies  laboratory  mixing  pro- 
cedures and  methods.  Specimens  of  a  given  aggregate  gradation  and  va- 
riable asphalt  contents  are  compacted  by  means  of  a  standard  hammer  in 
a  standard  mold,  Tht!  Corps  then  uses  the  Marshall  test  for  deteiroining 
a  stability  property  and  a  defoniiation  property,  which  are  later  cor- 
related with  void  content  and  density  of  the  specimens,  is  order  to  corn- 
content 
pute  a  design  asphalt.  The  Marshall  Stability  value  has  been  used  as  a 

measure  of  the  strength  properties  of  bituminous-aggregate  mixtures. 

The  Marshall  test  is  a  compression  test  thiat  is  pierfortned  on  a  eir- 
ovtlar  cylindrical  specimen  2i   inches  high  by  U   inches  in  diameter.  The 
unique  feature  cf  the  test  is  that  the  load  is  applied  on  the  curved 
surface  of  the  sp-ecimen  rather  than  on  the  plane  faces.  The  specimen  is 
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loaded  to  failure  by  circular  loading  heads  moving  together  at  a  con- 
stant rate  of  two  inches  per  minute.  The  test  is  generally  considered 
as  a  semi-confined  test,  Goetz  (lli)  found  the  degree  of  confinement  in 
the  Marshall  Test  to  be  approximately  equal  to  a  lateral  pressure  of 
10  psi,  when  correlated  with  triaxial  tests. 

The  asphalt  content  selected  by  this  method  is  said  to  be  the  one 
which  would  provide  satisfactory  performance  of  the  mixture  after  com- 
paction by  traffic. 

Triaxial  Compression  Test 

■ 

The  present  status  of  triaxial  testing  of  bitumious  paving  mix- 
tures as  the  most  rational  design  approach  has  been  well  sianraariged  by 
McLeod  (31). 

The  word  "triaxial"  is  applied  to  a  form  of  mechanical  test  under 
which  a  load  is  applied  axially  to  a  cylindrical  specimen  while  a  sup- 
porting pressure  is  maintained  against  its  sides  by  a  fluid.  The  stress- 
resistant  properties  of  the  material  tested  triaxially  are  derived  from 
the  relation  between  the  testing  load  and  the  supporting  pressure. 

Because  of  the  close  similarity  of  problems  involved  in  testing 
both  soils  and  bituminous  paving  materials  due  to  their  similarities  of 
plastic  behavior  under  stress,  the  triaxial  test  is  usually  applied  to 
materials  belonging  to  the  class  of  plastic  materials  rather  than  that 
of  rigid-elastic  materials.  Soils  engineers  and  bituminous  paving  en- 
gineers have  used  Mohr's  theory  of  strength  (23,31,b6,l47)  for  the  de- 
termination of  mixture  strength  characteristics  obtained  by  the  triax- 
ial test* 
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In  order  to  have  a  better  understanding  of  the  triaxLal  strength 

characteristics  of  bituminous  mixtures,  the  following  discussion  is 

presented  from  a  paper  by  Hveera  (23): 

One  property  possessed  by  all  masses  of  granular  materials,  regard- 
less of  size  or  shape,  is  some  degree  of  internal  friction  which 
tends  to  resist  movement  or  deformation  of  the  tdfel  mass.  The  fric- 
tional  resistance  of  solid  particles  under  a  given  condition  varies 
directly  with  the  pressure  to  which  they  are  subjected,  is  relative- 
ly independent  of  the  speed  of  action  and  independent  of  the  area  in 
contact.  The  observation  that  bituminous  mixtures  may  develop  stab- 
ility regardless  of  the  variations  in  mineral  aggregate  is  entirely 
compatible  with  this  principle. 

From  a  consideration  of  this  one  quality  of  stability,  it  can  now  be 
concluded  that  bituminous  mixtures  possess  only  two  fundamental  prop- 
erties which  combine  to  produce  stability  of  the  mixture.  One  prop- 
erty is  frictional  resistance  between  the  solid  particles  of  mineral 
aggregate,  and  the  other  is  frictional  resistance  in  the  films  of 
bituminous  binder.  Liquid  friction  contributed  by  the  asphalt  may 
be  variously  designated  as  viscosity,  cohesion,  or  tensile  strength. 

Unfortunately,  these  two  basic  factors,  which  will  henceforth  be  cal- 
led siranly  friction  and  cohesion,  do  not  contribute  to  stability  ei- 
ther in^aegree  or  in  kind,  and  it  becomes  necessary  to  decide  whether 
to  aim  at  increasing  the  friction  or  the  cohesion  or  a  combination 
of  both,  when  designing  the  bituminous  pavement, 

Hveem  goes  on  to  say: 

High  frictional  resistance  is  obtained  by  selecting  aggregates  hav- 
ing a  sandpaper-like  surface  texture,  and  with  the  quantity  of  as- 
phalt maintained  definitely  below  the  total  void  volume.  The  per- 
centage of  voids  which  may  be  filled  with  asphalt  is  positively  a 
variable  and  differs  for  each  type  of  grading  and  asphalt  used.  In 
other  words,  knowing  only  the  voids  in  a  mixture  and  with  no  other 
information  it  is  not  possible  to  determine  the  quantity  of  asphalt 
binder  which  will  give  the  best  results. 

High  cohesional  strength  can  be  obtained  by  use  of  low  penetration 
asphalts  and  by  increasing  the  quantity  of  fine  sand  and  filler  dust. 
Sheet  asphalt  mixtures,  for  example,  develop  very  much  higher  cohesion 
than  is  the  case  with  asphalt  concrete.  Asphalt  concrete  surface 
mixtures  containing  filler  dust  show  much  higher  tensile  strength 
than  do  base  and  leveling  course  mixtures  without  filler. 

In  order  to  resist  weather  action,  a  relatively  rich  mix  is  desir- 
able. The  heavier  the  film  coating  on  the  particles  of  aggregate, 
the  greater  will  be  the  resistanre  to  aging  and  deterioration  of  the 
asphalt.  However,  if  this  condition  is  allowed  to  dominate  the  de- 
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sign>  ^here  is  considerable  danger  that  an  unstable  mix  will  be 
developed.  Resistance  to  abrasion,  raveling,  and  impact  also  in- 
creases a  s  the  quantity  of  asphalt  is  increased.  But  unfortunately 
while  we  are  improving  the  nvixture  to  increase  cohesion  and  "mallea- 
bility" which  are  in  themselves  desirable,  increasing  the  thickness 
of  lubricating  films  beyond  a  certain  point  will  simultaneously  re- 
duce the  friction  on  which  stability  so  largely  depends. 

Therefore  it  can  be  concluded  that,  although  cohesion  and  internal 
friction  are  independent  properties  and  each  affects  the  stability  of  a 
bituminous-aggregate  mixture,  over-emphasis  on  either  cohesion  or  inter- 
nal friction  in  mixture  design  can  result  in  a  mixture  of  low  durability 
or  stability. 

Techniques  (  Ii,9,l?,l8,31,!il,23)  used  to  perfonn  the  triaxial  test 
as  found  in  the  literature  are  many.  However,  each  method  has  the  same 
end,  the  deterraination  of  c,  the  unit  cohesion,  and  ^,  the  angle  of  in- 
ternal friction  of  the  material  under  consideration. 

In  the  open  system  test,  such  as  was  used  in  this  investigation, 

several  cylindrical  test  specimens,  usually  two  or  more,  are  tested  at 

3 
different  confining  pressures.  The  Mohr  circle  for  each  confining  pre- 
ssure and  the  accompanying  compressive  stress  at  failure  is  plotted  and 
the  envelope  of  the  circles  is  drawn.  This  envelope,  called  the  "Mohr 
Envelope  of  Rupture",  is  the  graph  of  the  equation  s=c+p  tan  ^,  where: 


s  =  shearing  streiigO\  in  psi, 

c  =  unit  cohesion  in  psi, 

p  =  normal  stress  in  psi, 

4   =  angle  of  internal  friction  in  degrees. 

The  inclination  of  the  Mohr  envelope  with  the  abcissa  is  defined  as  4$ 

and  its  intercept  on  the  ordinate  is  defined  as  c. 


5.  A  brief  review  of  the  Mohr  circle  and  theory  of  failure  relation- 
ships is  included  in  Appendix  A, 
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In  bituminous  mixes,  there  3,s  some  relationship  between  compres- 
sive shearing  strength  and  tensile  strength  but  it  is  not  correctly 
represented  by  the  Mohr  envelope  (4). 

In  applying  the  Mohr  Theory,  the  envelope  is  frequently  assumed  to 
be  a  straight  line.  This  applies  rigorously,  however,  only  to  "linear- 
plastic"  materials  or  materials  whose  shear  resisting  properties  do  not 
change  viith  progressive  deformation,  and  in  speciniens  of  dimensions  which 
will  preclude  interference  from  end  effects.   In  bituminous-aggregate 
mixtures  the  envelope  is  usually  found  to  be  curved;  however,  as  the  height- 
diameter  ratio  of  the  test  specimen  increases,  the  apparent  friction  becomes 
less  and  the  envelope  straighter.  Taking  into  consideration  that  specimen 
diameter  should  be  at  least  U   times  the  largest  aggregate  size  in  the  mix- 
ture in  order  to  minimize  effects  of  non-homogeniety,  and  with  a  height- 
diameter  ratio  of  3»  it  is  possible  to  get  an  envelope  approximating  a 
straight  line.  A  sj.  ecimen  height  approximating  eight  inches  with  bituminous- 
concrete  mixtures  is  usually  employed  in  oi*der  to  eliminate  the  effects  of 
interference  of  shear  cones  and  friction  against  the  loading  heads  (41). 
Smith  and  the  Asphalt  Institute  recommend  a  specimen  four  inches  in  diameter 
and  eight  inches  high  for  mixtures  with  3/4-inch  top  size. 

Figure  1  shov/s  Smith's  adaptions  of  triaxial  strength  data  to  appli- 
cations in  flexible  pavement  design.   It  is  an  attempt  to  correlate  labor- 
atory stability,  as  determined  from  a  triaxial  test,  with  field  stability. 
Smith  found  the  100  psi.  supporting  curve  to  be  a  boundary  between  sat- 
isfactory and  unsatisfactory  field  performance  for  primary  roads.  With 
further  correlation,  Smith  found  that  mixtures  having  an  angle  of  internal 
friction  less  than  25  degrees  became  unstable  under  traffic  conditions. 
These  two  criteria  have  delineated  the  region  of  "satisfactory  mixtures" 
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shown  in  Figure  1,  Smith  also  proposed  ^  enlargltgthe  region  of  satis- 
factory mixes  for  lower  types  of  bituminous  construction. 

From  a  summary  of  the  existing  literature,  it  can  be  concluded  that 
the  elements  resisting  failure  of  a  specimen  loaded  vertically  in  a  trie  • 
axial  compression  test  are: 

1,  The  lateral  supporting  pressure, 

2,  The  internal  cohesive  properties  of  the  mix, 

3,  The  confining  stresses  resulting  from  friction  against  the 
testing  head, 

h.  The  internal  friction  of  the  material.  " 

ASTM  Compression  Test 

In  1936,  early  experimental  work  on  compression  testing  of  asphalt 
paving  mixtures  was  being  undertaken  by  Vokac  (l48,h9).  He  offered  data 
to  show  that  the  compression  test  measures  physical  characteristics  such 
as  compressive  strength,  elastic  limit,  modulus  of  elasticity,  and  resist- 
ance to  flow  after  compressive  strength  has  been  exceeded. 

Following  the  preliminary  work  Vokac  gave  considerable  attention 
to  developing  a  correlation  between  data  obtained  in  the  laboratory  by 
means  of  the  compression  test  and  the  behavior  of  the  mixtures  tested 
as  observed  in  surfaces  under  actual  field  conditions.  Although  several 
other  methods  of  test  were  investigated,  the  correlation  of  the  data  in- 
dicated that  the  compression  test  was  more  sensitive  to  the  factors  af- 
fecting service  behavior  than  other  tests  used  (U8), 

About  1950  the  American  Society  for  Testing  Materials  adopted  the 
compression  test  as  a  tentative  standard  for  testing  bituminous -aggregate 
mixtures  (2),  The  test  method  specifies  height-diameter  ratio  for  test 
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specimens,  mixing  and  compaction  procedures,  and  strength  testing  pro- 
cedures. 

The  ASTM  Compression  test  consists  of  axially  loading  a  cyclindri- 
cal  specimen  of  standard  dimensions,  four  inches  in  diameter  and  four 
inches  high,  at  a  constant  rate  of  0.2  inches  per  minute,  A  test  tem- 
perature of  77°  F.  is  specified  with  some  tolerance.  Although  the  spe- 
cimen is  unsupported  laterally,  most  paving  technologists  agree  that  the 
test  is  not  an  unconfined  test.  They  agree  that  frictional  resistance 
between  the  testing  head  and  specimen  cause  a  certain  amount  of  restraint. 

Some  investigators,  such  as  Smith  (hi),  belJeve  that  compressive 
tests  which  do  not  involve  any  lateral  support,  or  restraint,  and  which 
are  influenced  predominantly  by  the  cohesive  properties  of  the  mix,  tend 
to  yield  pavements  on  the  rich  side  when  they  are  used  to  establish  as- 
phalt content.  However,  compression  tests  as  a  rule  are  employed  to  de- 
termine the  highest  load  sustained  by  the  material  (33),  or  as  "Index  of 
Stability"  as  utilized  by  the  ASTI^I,  and  to  provide  for  field  correlation. 

Housel  (20),  in  a  section  of  his  paper  entitled  "The  Function  of 
Mechanical  Tests",  gives  the  following  discussion  on  compression  tests: 

As  with  other  materials,  tests  can  be  classified  as  those  made  by 
the  application  of  compressive  loads,  those  made  by  shearing  loads, 
and  those  made  by  tensile  loads. 

Fundamentally,  however,  there  is  no  such  thing  as  a  compressive  test 
except  in  the  yield  of  volume  compressibility.  The  compression  test 
as  ordinarily  used  are  sJjnplB methods  of  applying  shear  or  flovi  tests, 
the  material  always  flowing  in  this  manner  only. 

In  considering  the  practical  application  of  tests,  it  is  necessarj'- 
first  of  all  to  consider  their  relation  to  the  manner  in  -which  loads 
are  applied  in  practice.  Under  traffic  the  load  is  alvrays  "com.pres- 
sive"  in  a  non-elastic  material.  That  is,  if  the  material  moves,  it 
moves  by  shear  or  flow.  For  evaluating  resistance  to  such  stresses, 
shear  tests,  either  those  usually  so  termed,  or  indirt^ctly  applied 
as  by  "compression"  tests,  are  obviously  called  for.  The  compres- 
sion test  has  a  certain  appeal  here  from  its  apparent  likeness  to  the 
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condition  of  loading  on  the  road.  This  likeness,  however,  is  not 
all  complete,  for  the  following  reasons: 

(a)  Under  road  conditions  the  loaded  prism  is  subject  to  side  pres- 
sure from  the  adjoining  material, 

(b)  The  normal  test  method  involves  pressure  betv/een  rigid  sur- 
faces. Ordinarily  road  bases  exhibit  seme  resilient  resistance,  or 
somtiJTies  move  under  load  by  consolidation  or  settlpnent  of  underly- 
ing layers,  while  the  tire  through  wMch  the  load  is  applied  causes 
peculiar  stress  distributioP-S  on  the  loaded  area  which  are  unlike 
those  under  a  rigid  plate, 

Housel  then  states  the  fcllcvang  ccmpressicn  test  advantages: 

1,  Material  is  free  to  form  its  own  flow  lines  by  the  pirinciple 
of  least  resistance. 

2.  Constant  results,  providing  bituminous  specimens  have  a  heifht/ 
diameter  ratio  of  2  or  over, 

..,,  and  the  following  disadvantages: 

The  standard  compression  test  is  not  arialytic.  It  will  show  how 
much  load  a  specimen  will  carry  under  given  conditions,  but  it  will 
not  show  why  it  will  carry  it.  It  will  yield  such  infonnation  only 
through  a  nuraber  cf  tests  under  rather  elaborate  variation  of  con- 
ditions , 
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MATERIALS 

The  crusher-run  sand  produced  by  crusliing  gravel  that  was  used 
in  this  investigation  was  sharpi,  angular,  and  rough -textured.  The  nat- 
ural sand  used  in  this  investigation  was  a  rounded  material.  These  two 
locally  available  sands  were  selected  because  of  their  contrasting  an- 
gularity and  surface  texture  characteristics.  In  order  to  study  more 
specifically  the  role  of  the  fine  aggregate  fraction  in  bituminous -con- 
crete mixtures,  the  type   cf  coarse  aggregate  selected  i-jas  uniform  in 
shiape,  texture  and  physical  makeup. 

A  detailed  description  of  these  aggregates  as  well  as  identifying 
test  values  on  the  bituminous  binder  are  presented  in  the  two  following 
sections. 

Mineral  Aggregate 

The  mineral  aggregates  selected  for  use:  in  this  investigation 
were  obtained  from  commercial  aggregate  plants  and  their  physical  char- 
acteristics were  not  altered  in  the  laboratory  except  for  gradation. 
During  one  phase  of  this  investigation  the  fine  aggregate  (passing  a 
No.  k   sieve)  was  separated  into  size  ranges  and  re blended  to  establish 
a  selected  laboratory-controlled  gradation. 

The  natural  sand  consisted  of  relatively  round,  smooth,  local 
materials  obtained  from  the  Western  Indiana  Gravel  Company,  Lafayette, 
Indiana •  The  natural  sand  components  consisted  of  a  commercial  sand 
meeting  the  specifications  of  Indiana  No,  17  sand  for  bituminous  paving 
mixtures,  and  a  fine  sand  obtained  from  the  viashings  being  discharged 
in  the  plant's  fine  aggregf.te  processing  unit.  The  fine  sand  was  used 
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to  supplement  the  smaller  sizes  of  the  Indiana  No.  17  sand  in  order 
that  the  size  amoimts  would  be  sxiXficient  to  meet  the  laboratorj^-con- 
troUed  dense-gradation. 

The  other  sand  used  in  this  investigation  was  a  comiriercial  crushed- 
gravel  sand  obtained  from  the  Raymond  Street  Plant  of  the  AmericaiJ  Ag- 
gregates Corporation,  Indianapolis,  Indiana.  This  sand  was  selected 
because  it  represented  a  typical  crusher-run  product  used  locally.  It 
was  observed  to  be  sha]T)ly  angular  and  rough -textured.  This  criisher- 
run  sand  is  referred  to  locally  as  "crusher  dust"  and  has  been  success- 
fully used  by  the  City  of  Indianapolis  for  a  number  of  years  in  bitu- 
minous surfacing  mixtures.  Its  main  use  has  been  as  a  blending  materi- 
al with  a  local  natural  sand  such  as  Indiana  No.  17  sand.  The  crasher 
dust  is  a  fine  aggregate  product  resulting  from  the  crushing  of  a  3/8- 
inch  gravel  by  a  cormercial  UB-inch  Nordberg  crusher, 

A  sample  of  each  sand  (predominantly  large  sizes  for  picture  ob- 
servation) showing  aggregate  shape  characteristics  is  shown  in  Plates 
I  and  II,  respectively. 

The  type   of  coarse  aggregate  selected  was  a  urJi'orra  quartzite 
gravel  from  White  I4arsh,  Maryland,  This  gravel  was  sent  to  Purdue 
University  for  use  in  this  investigation  by  the  National  Sand  and  Grav- 
el Association  Laboratory  at  the  University  of  Maryland.  Visual  in- 
spection showed  this  gravel  to  be  predominantly  round  in  shape  and 
smooth-textured.  A  sample  of  this  gravel  is  shown  in  Plate  III. 
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The  specific  gravity  and  the  absorption  values  of  these  mineral 
aggregates  were  obtained  by  follovang  procedures  specified  in  ASTM 
Designations  C127-i;2  and  C128-U2.  These  test  results  are  shown  in 
Table  1, 


TABLE  1. 


SPECIFIC  GRAVITY  AKD  ABSORPTICN  OF  AGGREGATE 

Aggregate    Apparent  Sp,  Gr,   Bulk  Dry  Sp.  Gr»    A^bsorption 

Quartzite        2.6ii  2.63  0.28 

Gravel 

Natural  2.69  2.^1  2.0li 

Sand 

Crusher  2.77  2.61  2.1i2 

Dust 


Since  the  firtt  phase  of  this  investigation  could  not  embrace 
all  types  of  bituminous  surface  mixtures  because  of  the  time  factor 
involved,  one  dense-graded  bituminous -concrete  mixture  and  one  dense- 
graded  sand-asphalt  mixture  was  selected. 

The  dense-graded  bituminous-concrete  mixture  was  selected  on  the 
basis  that  it  represented  a  gradation  within  the  limits  of  several  well- 
knowHsp'fecifi  cat  ions,  namely:  Indiana  AK  Type  "A"  surface  raisctures.  Corps 

of  Engineers' dense -graded  asphaltic-concrete  surface  mixtures,  the 
ASTM  specii'ication  limits  for  bituminous -concrete  mixtures,  and  near  the 
lower  limit  of  the  Asphalt  Institute's  gradation  limits  for  this  type 
of  mixture.  These  gradations  are  shown  in  Figui^  2.  The  specific  gra- 
dation selected  was  the  lower  limit  of  the  Corps  of  Engineers'  gradation 
for  asphaltic-concrete  with  3A-  in,  maximum  size  aggregate  (ll)  and  is 
shown  in  Figure  2a. 
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Since  it  was  desired  to  investigate  the  sand  fraction  alone,  a 
sand-asphalt  mixture  was  selected  with  a  gradation  identical  to  that 
of  the  fine  aggregate  fraction  used  in  the  dense -graded  bitvuuinous- 
concrete  mixtures.  The  material  passing  a  No.  200  sieve  from  the  crush- 
er dust  was  used  in  these  mixtures  as  mineral  filler. 

Table  2  gives  the  laboratoi*y-controlled  sieve  analyses  for  the 
dense-graded  bituminous -concrete  and  sand-asphalt  mixtures. 

To  study  the  application  of  blending  a  crusher-run  sand  with  a 
natural  sand  from  the  commercial  viewpoint,  the  Indiana  No,  17  sand 
firora  the  Western  Indiana  Gravel  Company  in  Lafayette  was  blended,  as 
received, with  the  plant-run  crusher  dust,  as  received,  from  the  Raymond 
Street  Plant  of  the  American  Aggregates  Corporation  in  Indianapolis.  The 
gradation  of  each  sand  from  laboratory  sieve  analyses  of  representative 
samples  is  shown  in  Table  3,  Using  kS  percent  fine  aggregate  and  through 
blending  the  crusher  dust  with  the  Indiana  No,  17  sand  in:  100  -  0, 
75  -  25,  50  -  50,  and  25  -  75  percentages,  the  resulting  gradation  was 
within  the  ASTM  Specifications  for  Hot-Mixed,  Hot-Laid  Asphaltic  Con- 
crete for  Base  and  Surface  Courses  (ASTM  Designation:  D9ii7-.5UT),  These 
gradings  are  shown  in  Figure  3. 

The  uniform-type  quartzite  gravel  from  White  Marsh,  Maryland,  was 
used  as  the  coarse  aggregate.  Its  gradation  was  held  constant  and  is 
represented  with  the  crusher  dust  and  Indiana  No.  17  plant-run  sands  in 
Figiire  3. 

The  overall  bitianinous -concrete  gradation  of  each  fine  aggregate 
blend  is  given  in  Table  h» 
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TABLE  2 

SIEVE  ANALYSIS  OF  CONTROLLED  DEI\1SE-GRADED 
BITUMINOUS- CONCRETE  and  SAND-ASPKALT  I4IXTURES 
(Percent  by  Weight) 


MATERIAL 

SIEVE 

GRADING 

Passing 

Retained 

Bit,  Cone. 

Sand  As ph. 

. 

- 

3/4" 

0 

0 

3/4" 

1/2" 

14 

0 

Coarse 

1/2" 

3/8" 

11 

0 

Aggregate 

3/8" 

1/4" 

10 

0 

1/4" 
#4 

#4 
#10 

10 

15 

0 
27 

Fine 

#10 

#40 

18 

33 

Aggregate 

#40 

#80 

10 

18 

#80 
#200 

#200 

8 
4 

15 
7 

Filler 

TABLE  3 

SIEVE  ANALYSES  OF  CRUSHER  DUST  AND  INDIANA  NO.  1?  SAND 
(Percent  by  V/eight) 
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PASSING 

RETAINED 

CRUSHER  DUST 

INDIANA 
NO.  17  SAND 

3/8" 

1/4" 

0.2 

0 

1/4" 

#4 

2.6 

0 

#4 

#10 

28.5 

1.0 

#10 

#40 

38.1 

so.  5 

#40 

#80 

10.2 

15.5 

#80 

#200 

3.1 

2.3 

#200 

- 

17.3 

0.7 
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TABLE  4 


GRADATIONS  OF  GRAVEL  AND  CRUSHER  DUST  -  INDIANA  NO.  1?  SAND  BLENDS 

WITHIN 
ASTM  SPECIFICATIONS  FOR  BITUl^UNOUS-CONCRETE  MIXTURES 


SIEVE  SIZE 

Pass 

.3/4. 
1/2 

3/8 

.3/8^ 
1/4 

.1/4. 
4 

4 

"10 

10 
40 

40 
80 

80 

"200  ■ 

200  _ 

MATERIAL 

Ret. 

Percent 
Gravel  Coarse 
Aggregate 

34.6 

26.9 

23.1 

15.4 

- 

- 

- 

- 

- 

Percent 
Cmxsher  Dust 

- 

- 

0.2 

2.6 

28.5 

38.1 

10.2 

3.1 

17.3 

Percent 
Indiana  No,  17 
Sand 

- 

- 

- 

1.0 

80.5 

15.5 

2.3 

0.7 

PERCENT 
PASS 

3/4 

1/2 

3/8 

1/4 

4 

10 

40 

80 

200 

25^  -  Crusher  Dust 
15%  -   Ind.  No. 17 

100 

82.0 

68.0 

56.0 

48.0 

44.2 

10.6 

3.8 

2.3 

50^  -  Crusher  Dust 
50^  -  Ind.  No.  17 

100 

82.0 

68.0 

56.0 

47.5 

40.4 

12.0 

5.8 

4.3 

75^  -  Crusher  Dust 
25^  -  Ind.  No.  17 

100 

82.0 

68.0 

56.0 

47.0 

36.6 

13.2 

7.7 

6.3 

100^  -  Crusher  Dust 

100 

82.0 

68.0 

56.0 

46.5 

32.8 

U.5 

9.6 

8.3 

^. 


Bituminous  Binder 


Only  one  type  of  asphaltic  cement  wss  used  throughout  this  in- 
vestigation. It  W£S  an  ASTM  Penetration  Grade  85-100  asphaltic  paving 
cement  obtained  from  the  Standard  Oil  Company  of  Indiana,  Various 
standai-d  ASTM  tests  were  performed  in  the  laboratory  on  this  asphaltic 
paving  cement.  The  following  are  the  test  results: 


Penetration 91 

(77°  F.,  100  g.,  5  sec.) 

Ductility 150+ 

(5  cir./sec.,  77°  F.)  cms. 

Specific  Gravity  1,021 

(77°  F.) 

Solubility  in  CClj^,  % 99.9+ 
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APPARATUS  and  FROCEDUPE 

The  apparatus  and  procedure  used  in  this  investigation  is  discus- 
sed tmder  five  general  headings.  These  are: 

1,  Preparation  of  the  aggregate, 

2,  The  Corps  of  Engineers'  Design  Procedure  for  deteimining  asphalt 
content, 

3,  Preparation  of  the  test  specimens, 
h»   Testing  the  specimens,  and 

5«  Extraction  tests  for  determining  asphalt  distribution. 

The  apparatus  is  enumerated  along  vith  the  appropriate  procedure. 


Preparation  of  the  Aggregate 

The  apparatus  used  in  processing  the  aggregate  preparatory  to  the 
forming  of  test  specimens  is  as  follows:  "Gilson"  mechanical  sieving 
machine,  Tyler  "Ro-tap"  testing  sieve  shaker,  U«  S,  Standard  sieves, 
Nos,  ii,  10,  UO,  80,  and  200,  and  a  torsion  balance. 

The  minferal  aggregate  as  received  was  divided  into  coarse  and 
fine  aggregate  fractions.  The  coarse  aggregate  (quartzite  gravel)  v&e 
shipped  to  Purdue  University  in  burlap  bags  containing  the  pre-graded 
sizes.  However,  the  fine  aggregates  were  received  in  bulk  quantities 
from  the  plants.  In  the  first  phase  of  preparation,  each  cf  the  two 
types  of  sand  were  air-dried  and  sieved  into  the  respective  sieve  frac- 
tions and  recombined  in  the  desired  proportions.  The  second  phase  of 
preparation  consisted  of  air-drying  the  sands,  sieve  analyses,  and 
batching  the  whole  portion  of  each  sand  fraction. 

The  coarse  aggregates  were  pre-graded  to  the  desired  aggregate 
fractions:  3 A  irich  to  1/2  inch,  1/2  inch  to  3/8  inch,  3/8  inch  to  lA 
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inch,  and  l/U  inch  to  No,  U.  In  some  instances  pieces  of  aggregate  were 
removed  in  order  to  establish  a  more  unifonn  coarse  aggregate  fraction. 

In  the  first  preparation  phase  the  fine  aggregates  were  sieved  us- 
ing a  "Gilson"  mechanical  testing  machine,  or  in  the  case  of  the  smaller 
aggregate  sizes  in  the  sand  fraction,  a  Tyler  "Ro-tap"  testing  sieve 
shaker  was  used.  The  sieves  used  were  U,S,  Standard  sieves,  sizes  Nos, 
h,   10,  UO,  80,  and  200,  It  should  be  noted  again  that  the  crusher-dust 
material  passing  a  No,  200  sieve  was  used  in  both  the  crusher-dust  and 
natural-sarkd  fine  aggregate  fractions.  The  sieved  aggregate  was  stored 
and  accumulated  for  future  use. 

In  the  second  preparation  phase  which  consisted  of  blending  plant- 
run  sands,  the  crusher  dust  and  Indiana  No,  17  sand  were  air-dried  in 
shallow  flat  pans.  Following  the  drying  period,  laboratory  sieve  an- 
alysis obtained  from  several  tests  on  egch  sand  was  used  to  establish 
the  required  limitations  of  blending  within  the  ASTM  specification  li- 
mits. Table  3  gives  the  average  sieve  analysis  of  the  crusher  dust  and 
Indiana  No,  17  sand,  as  received  from  the  plants. 

Prior  to  forming  the  test  specimens,  the  coarse  and  fine  aggregates 
were  combined  in  a  manner  which  incorporated  into  the  aggregate  mixes 
various  percentages  of  crushed -gravel  in  the  fine  aggregate.  The  per- 
centages used  were  as  follows: 

1,  100^  crusher  dust,  0%   natural  sand, 

2,  1^%         "       ,  25%     "      "  , 

3,  50%         "       ,  50%     "      "   . 
h»     25%         "       ,  QS%     "      "   . 

(continued  next  page) 
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*5.  0%   crusher  dust,  100^  natural  sand. 

In  the  first  preparatory  phase,  the  specific  dense  gradation  was 
achieved  utilizing  laboratory-controlled  blending  by  weight  fractions 
of  the  various  aggregate  sizes.  The  pre-graded  coarse  aggregate  and  the 
sieved  fine  aggregate  were  combined  by  weight  in  the  proportions  given 
in  Table  2  and  shown  graphically  in  Figure  2a,  The  sand  fraction  of  the 
bituminous-concrete  mixtures  and  the  sand -asphalt  mixtures  varied,  then, 
with  the  specified  percentages  of  crusher  dust  and  natural  sand. 

The  second  preparatory  phase  untilized  the  blending  of  plant-run 
sands,  namely,  the  crusher  dust  and  Indiana  No,  17  sand,  in  bituminous- 
concrete  mixtures.  The  pre -graded  coarse  aggregate  and  representative 
samples  of  crusher  dust  and  Indiana  No.  17  sand  were  combined  by  weight 
in  the  correct  proportions.  Using  52  percent  of  gravel  by  ireight  of 
aggregate,  the  coarse  aggregate  was  combined  in  the  proportions  as  given 
in  Table  h»     The  plant-run  crusher  dust  and  Indiana  No.  17  sand  were 
blended,  as  received,  in  the  specified  percentages  to  establish  the  re- 
maining U8  percent  of  sand  by  weight  of  aggregate.  These  sand  blends 
produce  gradations  as  given  in  Table  Ii,  The  over -all  gradations  of  the 
plant-run  sands  in  the  bituminous-conci'ete  mixtures  are  shown  in 
Figure  3.        . 


*  This  blend  was  used  only  in  the  Corps  of  Engineers'  dense- 
type   gradation  for  bituminous -concrete  and  sand-asphal  mixtures.  For 
plant-run  blends  of  0%   crusher  dust  and  lOOp  Indiana  No,  17  sand,  the 
overall  bituminous -concrete  gradation  using  these  percentages  would 
extend  beyond  the  ASTM  limits* 
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The  Corps  of  Engineers'  Design  Procedure  for  Determining  Asphalt  Content 

The  asphalt  content  used  in  the  dense-graded  bitiirainous -concrete 
and  sand -asphalt  mixtures  was  obtained  by  using  the  Corps  of  Engineers' 
design  procedure  (5o).  Likewise,  the  Corps  of  Engineers'  design  pro- 
cedure also  established  the  design  asphalt  content  for  the  bituminous- 
concrete  mixtures  produced  from  the  blends  of  coarse  aggregate,  plant- 
run  crusher  dust  and  Indiana  No,  17  sand.  Each  mixture  was  prepared 
with  its  established  design  asphalt  content,  and  although  the  asphalt 
content  for  each  mixture  differed,  the  asphalt  content  was  not  con- 
sidered a  main  variable  in  the  strength  evaluation  of  these  mixtures. 

The  Corps  of  Engineers'  design  procedure  was  used  in  this  investi- 
gation for  the  following  reasons: 

1,  It  is  a  widely  used  and  successful  method  for  determining  the 
design  asphalt  contents  of  both  bituminous-concrete  and  sand- 
asphalt  mixtures, 

2,  In  one  phase  of  this  investigation  the  specific  gradation  used 
was  the  lower  limit  of  the  Corps  of  Engineers'  specifications. 
Since  this  gradation  was  within  the  Corps  of  Engineers'  speci- 
fications for  these  mixtures,  the  Corps  of  Engineers'  design 
procedure  was  reliable  and  accurate. 

This  procedure  was  also  used  in  the  plant-run  bituminous-con- 
crete mixtures,  although  several  of  the  gradations  extended  out- 
side the  lower  limit  of  the  Corps  of  Engineers'  specifications, 

3,  The  Marshall  Test,  a  part  of  the  Corps  of  Engineers'  design 
procedure,  gave  a  Stability  value  ^ich  could  be  used  for  com- 
parison with  the  strength  values  obtained  from  other  tests. 

The  design  procedure  was  performed  under  standard  conditions 

and  with  standard  apparatus  (50),  Approximately  2500  g,  of  aggregate 

was  batched  by  weighing  individual  fractions  according  to  the  prescribed 

gradation  of  the  fine  aggregate  and  then  was  heated  in  an  oven  to  325*^  F, 

The  85  -  100  pen.  asphaltic  cement  was  heated  in  the  same  oven  to  26o°  F, 

and  added  to  the  hot  aggregate  in  a  mixing  bowl  on  a  percent  by  weight 
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basis  of  the  aggregate.  After  mixing  for  two  minutes  with  an  electric 
mixer,  the  bitaminous-aggregate  mixture  was  ready  for  molding. 

The  mixture  was  then  transferred  to  a  pan  and  divided  into  two 
equal  portions.  Each  half  was  placed  in  a  clean  compaction  mold  heated 
to  a  temperature  of  approximately  250°  F,  After  the  mixture  had  been 
placed  in  the  mold,  the  mold  assembly  was  placed  on  the  compaction  base 
and  a  standard  compaction  of  50  blows  from  an  oven-heated  hammer  (10  lb» 
weight  falling  through  a  distance  of  18  in.)  was  applied  by  hand.  After 
this  operation,  the  base  plate  and  collar  were  removed  and  the  mold  re- 
versed aixJ  reassembled  so  that  the  base  plate  was  adjacent  to  the  origi- 
nal top  of  the  specimen.  Fifty  blows  of  the  compaction  hammer  were  ap- 
plied to  this  face  of  the  speciirjen.  The  base  plate  and  collar  were  re- 
moved and  the  mold  and  specimens  were  immersed  in  cool  water  for  approxi- 
mately two  minutes.  The  test  specimen  was  then  extracted  and  placed  on 
a  smooth,  level  surface  until  ready  for  testing.  The  height  of  the 
specimens  were  2-1/2  inches,  plus  or  minus  1/8  inch,  and  the  diameter 
was  h   inches.  The  compaction  mold,  hammer,  axui   test  specimen  are 
shown  in  Plate  IV, 

The  specific  gravity  of  each  test  sj)ecijnen  was  determined  by  water 
displacement. 

Four  groups  of  duplicate  test  specimens  vere   made  to  determine  the 
design  asphalt  content  for  each  bittuninous-aggregate  mixture.  Each  group 
of  test  specimens  varied  in  asphalt  content  in  l.C  to  0,5  percent  incre- 
ments below  and  above  the  estimated  design  percentage. 

Test  specimens  were  tested  for  Marshall  Stability  and  Flew  values 
a  few  hours  after  preparation.  In  performing  this  test  each  test 
specimen  was  placed  in  a  water  bath  at  a  temperature  of  lliO°  F,,  plus 
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or  minus  1  F.,  for  a  period  of  at  least  20  minutes.  After  this  period 
of  tine  in  the  water  bath  the  test  specimens  were  ready  for  the  Marshall 
Test  procedure. 

The  Marshall  Test  procedure  consisted  of  placing  the  test  speci- 
mens between  the  lower  and  upper  curved  sections  of  the  breaking  head, 
and  the  complete  assembly  was  then  placed  in  testing  position  in  the 
machine,  A  flow  meter  was  placed  on  one  of  the  guide  rods  and  lateral 
deformation  was  applied  in  such  a  manner  that  the  lower  jack  head  moved 
upwards  at  the  rate  of  two  inches  per  minute. 

The  hand  pressure  on  the  flow  gauge  was  released  instantly  at  the 
time  the  specimen  indicated  a  maximum  load  value  from  the  load  dial. 
The  Marshall  Stability  and  Flow  values  were  read  on  the  load  dial  and 
flow  gauge,  respectively,  at  the  time  the  load  dial  registered  maximum 
load  and  began  to  recede  towards  zero.  The  Marshall  Stability  was  de- 
termined in  pounds  of  maximum  load  sustained  by  the  specimen,  and  the 
Marshall  Flow  was  determined  in  l/lOO  ths,  inches  of  specLnen  deformation. 
To  prevent  excessive  cooling  of  the  test  specimen  the  entire  testing  op- 
eration was  performed  in  30  seconds  or  less, 

Plate  V  shows  the  compression  testing  machine  used  for  the  Mar- 
shall Test,  It  is  basically  the  one  which  is  specified  by  the  Corps 
of  Engineers, 

More  detailed  information  concerning  the  Marshall  Test  equipment 
is  contained  in  Technical  Memorandum  3~2Sh  published  by  the  Department 
of  the  Army,  Corps  of  Engineers,  Mississippi  River  Coimiission, 
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Preparation  of  the  Test  Specimens 

The  follovdng  apparetus  v-as  used  in  the  pi^paration  of  the  tri- 
axial,  APTI'I  and  iModified  ASTM  test  specimens:  Peerless  gas  oven  with 
oven  heat  control,  assembled  compaction  mold,  modified  Hobart  electric 
mixer  with  flat-bottom  mixing  bowl  and  blade,  beam  balance,  3 A  ii^ch 
round  steel  bar,  and  Riehle  compression  testing  machine. 

Prior  to  the  actual  roolding,  the  asphalt  and  the  molding  equipnent 
were  prepared  for  use.  Bulk  asphalt  was  received  in  the  laboratorj'  in 
five  gallon  cans,  and  the  desired  amount  was  removed  by  cutting  wi.th  a 
hot  metal  blade.  The  specif 5c  amount  of  asphalt  needed  for  one  specimen 
was  removed  from  the  container  of  asphalt  and  placed  in  a  single  pan. 
Appix:>ximately  50  additional  grams  of  asphalt  were  placed  into  each  pan 
to  compensate  for  the  asphalt  that  would  adhere  to  ti^ie  sides  of  the  pan. 

The  hea-v-y,  steel  h-inch  diameter  compaction  mold  pictured  in 
Plates  VI  and  VII  first  was  cleaned.  The  inside  vails  of  the  mold  and 
the  cylindrical  surfaces  of  the  loading  pistons  were  coated  with  a 
light  crank case  oil.  The  mold  was  then  assembled  by  use  of  the  align- 
ment pins,  and  the  lower  piston  held  in  place  by  a  long  pin,  Mr,  J.F. 
Mclaughlin  (29)  gives  a  detailed  description  of  this  compaction  mold. 

The  detailed  procedui^  for  preparation  of  the  test  specimen, 
after  the  aggregate,  asphalt,  and  equipment  were  prepared,  follovre: 
(Parts  of  this  procedure  have  been  taken  from  Kerr in  (19)) 

"1.  Two  pans  of  aggregate,  each  containing  one  half  the  aggregate 
needed  to  fotro  one  specimen,  were  placed  with  an  armored  thermometer 
in  the  hot  oven  (oven  regulator  was  set  at  h50°  F,), 


"2,  When  the  temperature  of  the  aggregate  was  approximately 
225°  F,,  the  pan  of  asphalt  with  another  armored  thermometer  was  placed 
on  the  top  shelf  of  the  oven.  At  the  same  time  the  assembled  compaction 
mold  with  the  upper  piston,  a  spoon,  a  flat  pan,  the  brass  mixing  bowl, 
and  mixing  blade  were  placed  on  the  next  to  the  top  shelf, 

"3.  All  equipment  and  materials  were  heated  until  the-  temperature 
of  the  aggregate  was  300-  10  F,  and  the  asphalt  was  275^  10°  F.  An 
attempt  was  made  to  have  the  asphalt  and  aggregate  reach  the  required 
temperature  at  the  same  time.  The  asphalt  was  not  allowed  to  be  over- 
heated, since  its  characteristics  would  have  been  changerf. 

"li.  Just  before  the  temperature  of  the  materials  reached  the 
required  degree,  the  miicing  bowl  was  placed  on  the  balance  and  the  beam 
balance  was  tared.  The  aggregate  from  one  pan  was  transferred  to  the 
bowl  and  weighed  to  the  nearest  gram, 

"5.  The  amount  of  asphalt  to  be  added  to  this  aggregate  was  com- 
puted by  multiplying  the  weight  of  the  aggregate  in  the  bowl  by  the 
percentage  of  asphalt  the  specimen  was  to  contain.  This  weight  was  ad- 
ded to  the  beam  and  hot  asphalt  was  poured  into  the  bowl  until  the  beam 
was  balanced, 

"6,  The  asphalt  was  returned  to  the  oven  to  regain  the  desired  tem- 
perature, and  the  mixing  blade  was  removed  and  placed  in  position  on  the 
mixer. 

"7.  The  mixing  bowl,  containing  asphalt  and  aggregate,  was  placed 
in  the  mixer  and  the  ingredients  of  the  bowl  were  mixed  at  low  speed 
for  two  minutes  as  measured  by  a  stop  watch.  This  mixer  was  a  Hobart 
mixer,  modified  by  providing  a  side  scraper,  a  flat  mixing  blade  and  a 


flat-bottom  mixing  bowl,  C  A  detailed  description  of  this  mixer  can 
be  found  in  Reference  370 

"8,  During  the  mixing  operation  the  flat  pan  and  spoon  were  re- 
moved from  the  oven.  As  soon  as  the  mixing  was  completed,  the  hot  bi- 
tuminous-aggregate mixture  was  dumped  into  this  flat  pan.  To  prevent 
this  half  of  the  material,  needed  for  one  sample,  from  getting  cold  dur- 
ing the  mixing  of  the  other  portion,  the  pan  and  mixture  were  placed  on 
the  bottom  shelf  of  the  oven  and  the  door  left  open, 

"9.  Since  the  bowl  usually  contained  a  small  amount  of  the  previous 
mixture,  a  new  tare  weight  of  the  bowl  was  set  on  the  balance  and  the 
mixing  procedure  repeated  as  for  the  first  half  of  the  mixture,  After 
the  mixing  was  completed,  the  second  portion  of  the  mixture  was  placed 
into  the  flat  pan  with  the  first  portion  and  thoroughly  mixed  with  the 
spoon, 

"10.  During  the  last  mixing  operation,  the  compaction  mold  and  the 
upper  piston  were  removed  from  the  oven  and  set  on  the  concrete  floor, 
A  four-inch  diameter  piece  of  brown  wrapping  paper  was  placed  in  the 
bottom  of  the  nold  in  order  to  prevent  t?ie  specimen  from  sticking  to  the 
lower  piston, 

"11.  The  mold  was  filled  in  four  equal  layers.  Each  layer  was 
rodded  25  times  with  a  3/ii-inch  round  steel  bar  that  weighed  it. 6  pounds, 
After  the  rodding  of  the  last  layer,  another  paper  disk  was  placed  in  the 
mold  and  the  upper  piston  inserted," 

12,  The  compaction  mold  with  the  rodded  material  was  placed  in  the 
Riehle  compaction  machine  and  was  centered  under  the  loading  head.  In 
this  position  both  the  upper  and  lov;er  pistons  coidd  move  inside  the 
mold,  thereby  allowing  compaction  of  the  material  from  both  ends.  The 
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pin  holdin^^  the  lower  piston  in  place  \'P.s   removed.  A  variable  speed 
selector  was  used  to  decrease  the  speed  of  the  down  moving  compaction 
head  from  0,1   inch  to  0,0$   inches  per  minute  until  the  desired  degree 
of  compaction  was  achieved.  During  the  compaction  prccedurt:  the  mold 
was  vibrated  hj   pounding  with  a  rubber-faced  vooden  mallet  in  order  to 
facilitate  orientation  of  the  aggregate  particles  snd  reduce  the 
amount  of  crushing.  The  desired  degree  of  compaction  mb.s   the  density 
calculated  at  the  design  asphalt  content.  This  was  achieved  by  compact- 
ing a  pre -date nnined  weight  of  the  bituininous -aggregate  mixture  to  a 
specific  height  of  10  inches.  An  Ames  dial  was  used  to  measui-^  the  speci- 
fic height  of  10  inches.  Figure  9  shows  the  compaction  cf  the  bitumincois- 
aggregate  mixtui^s  with  the  Pmes   dial  set-up  and  the  moDri  in  the  Eiehle 
compaction  machine,  wlien  the  Ames  dial  gave  a  reading  of  10  inches,  the 
doivnwaixi  movement  of  the  compaction  head  was  stopped  by  disengaging  the 
gears  of  the  Riehle  compaction  machine.  The  compaction  load  was  main- 
tained constantly  for  two  minutes  and  released  by  throwing  the  gears  in- 
to the  reverse  direction  f; Hewing  the  compaction  hesd  to  move  upwards, 

13.  The  meld,  containing  the  compacted  specimen,  then  wrs  placed 
in  a  circulating  cold-water  bath  and  allox\'ed  to  cool  from  8  to  12  minutes. 
A-fter  cooling,  the  mold  was  replaced  in  the  Riehle  compaction  machine, 
a  slight  load  was  applied  to  the  upper  piston,  and  the  specimen  was 
forced  to  move  a  short  distance  inside  the  mold  in  order  to  break  the 
adhesion  between  the  specimen  and  the  sides  of  the  mold, 

ill*   The  mold  was  then  taken  from  the  compaction  device  and  the 
bolts  removed  frcm  each  flange.  The  final  loosening  of  the  specijr.en  from 
the  sides  of  the  mold  v/as  obtained  by  gently  rocking  the  mold  back  and 
forth.  Once  loose  the  mold  was  removed,  and  the  newly  foimed  speci-men 
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was  removed  to  a  convenient  storage  area.  A  typical  specimen  is  shown 
in  Plate  VII. 

15.  Before  testing,  each  specimen  was  weighed  on  the  beairi  balance, 
that  was  accurate  to  1,0  grsjii.  Using  the  sa-ne  beam  balaxice  the  speci- 
mens were  then  weighed  in  water.  A  third  weighing  consisted  of  mea- 
suring their  saturated  surface -dr^-^  xjights.  These  values  were  used  in 
computing  the  desity  of  the  specimen,  and  generally  as  a  check  on  the 
density  at  design  asphalt  content  in  the  case  of  triaxial  and  Modified 
ASTM  test  specimens.  All  specimens  were  then  stored  at  room  temperature 
iintil  needed  to  be  "cured"  for  testing. 

Certain  changes  were  necessitated  in  this  procedure  vrhen  foiTiing 
the  ASTM  and  Modified  ASIM  test  specimens. 

In  the  case  of  the  Modified  ASTM  test  specimens,  the  bituminous- 
aggregate  mixture  was  comp^acted  to  the  density  required  as  outlined  pre- 
viously. The  resulting  specimen  of  ten  inches  in  height  was  sawed  into 
two  U-inch  high  specimens.  This  was  achieved  by  cutting  a  two-inch  sec- 
tion from  the  center  of  each  ten-inch  specimen.  A  "Clipper"  masonry  saw 
equipped  with  a  diamond  blade  was  used  for  this  purpose.  The  resulting 
specimens  were  measured  anf  found  to  be  within  h-   I/8  inches  in  height. 

The  other  phase  of  this  study,  which  consisted  of  foming  ASTM 
test  specimens,  involved  several  important  changes  wl^dch  are  noted  here. 
The  amoimt  of  bituminous-aggregate  mixture  was  sleeted  by  a  trial-and- 
error  procedur-e  so  that  the  resulting  height  of  the  test  specimen  would 
be  h-   1/8  inches.  The  required  amount  of  bituminous -aggregate  mixture 
was  placed  in  the  mold  and  compacttd  under  a  constant  load  of  3000  psi 
in  the  Riehle  testing  machine  for  two  minutes.  This  differs  from  the 
usual  p  rocedure  used  for  triaxial  and  Modified  ASTH  test  speciems  where 
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different  compactlve  efforts  were  applied  to  obtain  a  desired  prede- 
teniiined  density,  A  detailed  description  of  the  preparation  of  ASTM 
test  specimens  can  be  found  in  Reference  2, 

Plate  VII  shows  typical  ASTM  and  Modified  ASTM  test  specimens. 

Testing  the  Specimens 

Since  the  testing  of  each  type  of  specimen  fellows  specific  pro- 
cedxxres,  the  following  discussion  is  divided  into  sub-sections  entitled} 
Triaxial  Compression  Test,  and  ASTM  and  Modified  ASTM  Compression  Test, 

Triaxial  Compression  Test 

The  apparatus  used  in  the  triaxial  compression  test  is  as  follows: 
Riehle  compr*:Ssion  machine  with  variable  speed  drive,  triaxial  cell, 
roibber  membrane,  air  compressor,  and  a  DeVilbiss  air  pressure  regulator, 

A  schematic  diagrairi  of  tt/e  triaxial  cell  is  shown  in  Figure  U  and 
a  general  view  of  the  cell  and  testing  apparatus  are  pictured  in  Plates 
VIII  and  IX,  The  triaxial  cell  was  designed  by  the  writer  and  was  built 
by  the  Central  Machine  Shop  at  Purdue  University.  It  will  accomodate 
h-ir.ch  diameter  specimens,  eight  to  eleven  inches  in  height.  The  cori- 
pressive  load,  measured  by  a  proving  ring,  was  applied  to  the  sp^ecimen 
through  a  loading  head  by  a  variable  speed  drive  located  alongside  cf 
the  gear  box  on  the  Pdeble  compression  testing  machine.  The  loading 
piston  of  the  triaxial  cell  moved  in  a  ball  bushing  provided  with  a  grease 
seal.  The  friciion  was  lov  enough  that  the  piston  would  move  downwards  under 
its  own  weight.  The  proving  ring  was  located  outside  the  pressui^  cell. 
The  pressure  ce^ll  was  made  of  lucite.   Main-line  air  pressure  of  approx- 
imately 35  psi,  was  provided  by  a  Hobart  air  compressor  and  was  regulated-. 
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by  a  DeVilbiss  air  pressure  regulator. 

Immediately  prior  to  testing  in  the  triaxial  cell,  the  test  spec- 
imens were  maintained  at  the  testing  temperature  of  80-  5  F.  for  at 
least  four  hours.  It  was  found  that  the  specimen  temperature  after 
testing  did  not  differ  more  than  t  1°  F,  from  the  temperatu.-^^  before 
testing. 

After  the  specimens  were  rared  and  the  correct  temperature  in  the 
testing  room  obtained,  the  testing  was  accomplished  according  to  the 
following  detailed  procedure: 

1,  A  rubber  membrane  (U-inch  diameter,  12-inch  length,  and  0.015- 
inch  thick)  obtained  from  Soil test,  Inc.  (Chicago)  was  rolled  up  and 
fitted  over  the  lower  testing  head.  The  specimen  was  placed  on  the  lower 
testing  head  and  the  rubber  membrane  rolled  up  over  the  specimen. 

2,  A  light  coat  of  rubber  cement  was  placed  on  the  upper  and  lower 
testing  heads  to  pivavide  an  air  tight  seal  between  the  rubber  membrane 
and  the  testing  heads.  After  the  membrane  had  been  cemented  to  the  heads, 
additional  security  was  obtained  by  binding  the  membrane^  to  the  heads 
with  several  rubber  bands, 

3,  The  specimen  was  centered  on  the  lower  testinp  head,  the  upper 
testing  head  was  centered  on  the  specimen,  and  the  lucite  cylinder  was 
lowered  over  the  specimen  into  position.  The  loading  piston,  inserted 
through  the  bushing  in  the  cover  plate,  was  then  centered  in  the  de- 
pression on  the  tapper  testing  head  by  adjusting  the  position  cf  the 
cover  plate.  The  three  connecting  bolts  were  then  placed  in  position  and 
the  apparatus  tightened  together, 

h»   The  main-line  air  pressure  valve  was  opened.  The  valve  in  the 
lower  drainage  line  was  shut  and  air  under  a  pressure  of  approximately 
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Details  of  Trlaxial  Cell 

1,  Loading  head 

2,  Proving  ring  deflection  dial 
3*  Proving  ring 

h.   Loading  piston 

5»  Upper  drainage  valve 

6.  Upper  drainage  line 

7.  Upper  testing  head 

8.  Connecting  bolts. 

9.  Cylindrical  wall  of  triaxial  pressure  cell 

10.  Lover  testing  head 

11.  Lower  drainage  line  and  drainage  control  valve 

12.  Table  of  testing  machine 

13.  Pubber  membrane 
ill.  Test  specimen 

15.  Hecess  for  cylinder 

16,  Cover  plate 

17.  Compressed  air  inlet  line 

18,  Ball  bushing  with  low-friction  grease  seal 


30  psi.  was  allowed  to  enter  the  chamber.  After  three  minutes  the  lower 
drainage  valve  was  opened  in  such  a  manner  that  escaping  air  would  cause 
a  squeal.  However,  if  there  was  no  air  loss  detected  by  this  method,  the 
membrane  w?s  assumed  to  be  air  tirht.  If  a  leaJc  occured,  usually  the 
rubber  bands  were  removed  from  the  testing  heads  and  additional  rubber 
cement  was  used  to  obtain  a  new  seal.  This  new  seal  was  then  tested  as 
before.  If  this  was  not  sufficient,  the  leak  was  in  the  rubber  membrane 
itself,  and  this  situation  could  be  remedied  by  either  pstchins  or  re- 
placing withanew  membrane, 

5,  After  the  entire  apparatus  was  placed  and  centered  under  the 
proving  ring,  the  motor  of  the  Riehle  compression  nachine  was  put  into 
gear  and  the  loading  head  witii  the  proving  ring  moved  downward  until  a 
sanall  seating  load  of  one  division  on  the  load  dial  (about  10  pounds)  was 
applied • 

6,  The  air  line  was  attached  to  the  triaxial  cell  from  the  air 
regulator  end.  Confining  air  pressure  inside  the  pressure  chamber  of  the 
triaxial  cell  was  regulated  to  15  or  30  psi.  by  means  of  the  DeVilbiss 
air  regulator.  The  apparatus  at  this  stage  of  the  operation  is  pictured 
in  Plate  IX. 

7,  The  variable  speed  motor  wcs  set  to  give  a  rate  of  strain  of 
0.05  inch  per  minute  and  the  loading  started.  As  the  specimen  was  load- 
ed, constant  attention  was  given  to  the  possible  development  of  air 
leaks.  Loading  was  continued  until  the  maximum  compressive  load  was 
obtained • 

8,  At  the  end  of  the  test  the  drive  motor  was  stepped,  the  air 
was  released  from  the  pressure  cell,  and  the  load  was  removed  by  re- 
versing the  direction  of  the  movement  of  the  loading  head.  The  appara- 
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tus  was  then  disassembled  and  the  specimen  removed, 

ASTM  and  Modified  ASTM  Compression  Test 

Testing  of  ASTM  and  Modified  ASTM  specimens  does  not  differ  in  any 
respect  from  the  standard  ASTM  procedure  as  outlined  in  the  "ASTM  Com- 
pressive Strength  Test  for  Bituminous  Mixtures  (ASTM  Designation: 
D107ii-52T),"  Reference  (2),  The  fcllowing  is  a  brief  discussion  of  the' 
compression  test  method: 

1,  The  test  specimens  were  prepared  for  test  after  they  had  been 
cured  for  at  lerst  2U  hours  in  an  oven  at  a  temperature  of  IHO  -  5°  F, 
After  removal  from  the  oven  the  test  specimens  were  placed  in  an  air  bath 
for  not  less  than  h   hours  at  77^  1°  F, 

2,  After  removal  from  the  air  bath  the  specimen  to  be  tested  was 
centered  on  a  spherically-seated  base,  and  a  loading  head  was  centered 
over  the  specimen, 

3,  The  entire  assembly  was  then  centered  under  the  proving  ring 
attached  to  the  loading  head  of  the  Riehle  compression  machine, 

h»   The  variable  speed  motor  was  started  and  the  proving  ring  and 
loading  head  were  lowered  until  the  load  dial  registered  one  division 
(a  small  seating  load  of  10  pounds).  The  motor  was  stopped  and  the  load 
dial  was  reset  to  zero, 

5,  After  re-starting  the  variable  speed  motor  and  adjusting  to 

a  speed  cf  0,2  inch  per  minute,  loading  was  started  and  continued  until 
the  maximum  compressive  load  was  reached, 

6,  The  load  was  removed  by  reversing  the  movement  of  the  loading 
head  at  the  end  cf  the  test.  The  apparatus  was  then  disassembled  and 
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and  the  specimen  removed, 

7,  The  maximuiti  compressive  load,   in  pounds^wes  recoiled,  v 
Plate  X  shows  the  ASTM  compression  test  in  progress. 

Extraction  Tests  for  Determining  Asphalt  Distribution 

Since  it  was  desired  th&t  analyses  be  made  of  the  controlled 
dese-graded  bitimunious -concrete  mixtures  (Corps  of  Engineers'  Hinimuin 
Gradation)  in  order  to  explain  a  possible  relationship  between  the  dis- 
tribution of  asphalt  within  these  mixtures  and  the  properties  of  cohesion 
and  internal  friction  as  compared  with  those  in  sand-asphalt  mixture, 
asphalt  extraction  tests  were  run  on  these  mixtures. 

The  primary  purpose  of  the  test  in  this  investigation  was  to  de- 
termine the  percentage  of  asphalt  contained  in  both  the  fine -aggregate 
and  coarse -aggregate  portions  of  the  bit'ominous-concrete  mixtures. 
These  test  values  were  then  used  to  determine  a  change  in  the  distri- 
bution of  asphalt  between  fine  and  coarse  a  ggregate  as  the  percentage 
of  crushed-gravel  fine  aggregate,  or  crusher  dust,  changed  in  the  fine 
aggregate  fraction  of  the  bituminous -aggregate  mixture. 

The  asphalt  extraction  procedure  followed  closely  to  the  standard 
Centrifugal  Method  suggested  by  the  American  Association  of  State  High- 
way Officials  (AASHO  Designation:  T56-57).  This  method  is  outlined  in 
Reference  (1), 

The  apparatus  used  in  this  test  procedure  was:  A  "Dulin  Rotarex" 
centrifugal  extractor,  "Peerless"  gas  oven,  U.S.  Standard  No,  b  sieve, 
flat  pan,  enarael-ware  pans,  a  torsion  balance,  solvent,  a  recepticle 
flask,  and  filter  paper. 
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A  discussion  of  the  test  procedurt  follows: 

1,  The  saiaples  that  were  tested  consisted  of  a  group  of  "the 
dense-graded  bituminous -concrete  triaxial  specimens,.  Each  sample,  ap- 
proximately 5000  grains,  was  prepared  for  analysis  by  heating  It  in  a 
f]lat  pan  in  the  gas  oven  to  approximately  270°  F.  At  this  temperature 
the  sample  was  easily  broken  up  and  the  fluidity  of  the  asphalt  caused 
the  bituminous-aggregate  mixture  to  become  "workable", 

2,  A  heated  No,  h   sieve  was  talcen  out  of  the  top  shelf  of  the  oven 
and  placed  over  a  flat,  tared  pan  on  the  second  shelf  of  the  oven.  The 
regulator  on  the  oven  was  turned  to  U50°  F,  in  order  to  compensate  for 
the  loss  of  heat  to  the  outside  air  during  sieving  of  the  bituminous- 
aggregate  mixture.  It  furnished  a  temperature  inside  the  oven  of  approx- 
iniately  275°  F. 

3,  The  disintegrated  sample  was  separated  into  several  sections 

in  the  pan.  Each  section  was  removed  with  a  warm  spoon  and  the  material 
placed  on  top  of  the  No,  h   sieve,  A  flat-end  spatula  was  then  used  to 
work  the  material  over  the  sieve.  The  coated  fine  aggregate  material 
passing  through  the  sieve  fell  in  the  tared  pan  underneath, 

I4.,  ViJhen  no  more  of  the  material  passed  through  the  sieve,  the  bi- 
tuminous-aggregate material  remaining  on  the  sieve  was  transferred  to  a 

second  tared  pan, 
« 

5,  This  procedure  continued  until  the  entire  sample  was  ^parated, 

6,  The  pan  containing  the  coated  fine  aggregate  material  passing 
the  No,  I4  sieve  was  weighed  and  placed  aside.  The  pan  containing  the 
coated  aggregate  material  retained  on  the  No,  h  sieve  was  weighed  and 
100  ml,  of  benzene  added  to  the  material  in  the  pan, 

7,  After  working  the  benzene  into  the  bituminous-aggregate  mixture. 


6l4 

the  pan  and  mixture  were  placed  alongside  the  centrifugal  extractor, 

8,  Aproximately  900  g,  of  the  material  wfns  removed  from  the  pan 
and  placed  in  the  bowl  of  the  centrifugal  extractor. 

9.  A  piece  of  filter  paper  was  fitted  on  the  top  rim  of  the  bowl, 
after  which  the  cover  plate  was  placed  in  position  and  drai^m  down  tight- 
ly by  means  of  the  milled. nut, 

10,  The  bowl  was  then  placed  on  the  motor  shaft  of  the  extractor  and 
the  slot  and  pin  were  carefully  locked.  An  empty  flask  was  placed  un- 
der the  spoirt  and  1^0  cc,  of  benzene  was  poured  into  the  bowl  through 
the  top  hole. 

11,  After  allowing  the  material  to  digest  for  a  few  minutes,  the 
motor  was  started,  slowly  at  first,  in  order  to  permit  the  aggregate  to 
distribute  uniformly.  The  motor  speed  vxas  then  increased  sufficiently 
by  means  of  the  regulator  to  cause  the  dissolved  bituinen  to  flow  from 
the  spout  in  a  thin  stream. 

12,  Vuhen  the  first  charge  had  drained,  the  motor  was  stopped  and  a 
fresh  portion  of  benzene  was  added.  This  operation  was  repeated  from 
seven  to  nine  times  with  150  cc,  cf  benzene, 

13,  VJhen  the  last  addition  of  benzene  had  drained  off,  the  thin 
stream  from  the  spout  being  observed  to  be  clear,  the  bovxl  was  removed 
and  placed  with  the  coverplate  uppermost  on  a  sheet  of  manila  paper, 

Ih,  The  cover  plate  and  filter  paper  were  carefully  laid  aside  on 
the  paper  ^-r— "J  when  the  sample  was  thoroughly  dry,  it  was  brushed  into 
a  tared  pan, 

15.  This  procedure  (8  to  l)j)  was  repeated  for  each  portion  of  the 
material  in  the  pan.  Then  the  entire  dry  aggregate  sample  was  weighed. 
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16,  The  difference  between  the  weight  of  the  final  sample  and  the 
original  amcunt  taken  gave  the  amount  of  bitumen  extracted,  which  was 
subject  to  correction,  dependent  on  the  amount  of  ash  in  the  filter 
paper  and  in  the  washings, 

17*  The  ash  correction  was  made  in  the  following  two  manners: 

a.  The  amcunt  of  ash  in  the  filter  paper  was  determined  by  burn- 
ing the  filter  paper  in  the  pan  containing  the  di^  aggregate  after  ex- 
traction. The  filter  paper  was  of  such  nature  that  after  burning-  the 
ash  remaining  would  be  only  the  fine  maternal  of  the  aggregate  portion, 
eg,  the  filter  paper  itself  burned  ash-free » 

b.  An  additional  ash  correction  was  detenrdned  on  an  aliquot 
portion  of  the  bituminous-solvent  material  in  the  recepticle  flask.  The 
total  solution  of  bitumen,  well  stirred,  was  measured  and  an  aliquot  por- 
tion of  100  cc,  was  taken  and  poured  into  a  pre\'iously  weighed  evaporation 
dish.  The  solvent  was  evaporated  over  a  steam  bath  and  the  residual 
asphalt  was  then  ignited  over  a  meeker  burner  and  in  a  high-temperature 
"Hoskins"  electric  furnace.  The  dish  and  contents  were  then  cooled  in 

a  dessicatcr  and  the  percentage  of  ash  calculated, 

18,  The  total  corrected  weight  of  aggregate  wss  then  calculated  as 
a  summation  of  the  ash  corrections  and  the  dry  aggregate  removed  from 
the  bowl  after  the  extraction  test, 

19,  The  asphalt  in  the  coated  fine  aggregate  material  passing  the 
No,  h   sieve  was  extracted  by  the  same  procedvire  previously  outlined  in 
paragraphs  6  to  18, 

The  portion  of  the  aggregate  retained  on  the  No,  U  sieve  contained 
a  certain  percentage  of  the  fine  aggregate  fraction  as  well  as  the  entire 
coarse  aggregate  fraction.  The  exact  amount  of  the  fine  aggregate  frac- 
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tion  was  determined  by  sieving  the  dry  "coarse"  aggregate  portion 
through  the  No,  h   sieve.  The  material  passing  the  No.  h   sieve  usually 
varied  from  20  to  60  grams.  This  was  a  small  percentage  of  the  total 
fine -aggregate  fraction  which  weighed  aj-proxLiiately  2750  grains  in  each 
sample,  A  correction  was  applied,  however,  for  the  fines  in  the  coarse 
aggregate , 

The  following  page  contains  sample  data  from  a  typical  extraction 
test  on  3  sample.  It  shows  the  test  procedure  for  calculating  the  per- 
centage of  asphalt  in  each  aggregate  fraction  along  with  the  applied 
corrections. 


DATA  SHELT 

CENTRIFUGAL  EXTRACTION  TEST   -  ASFMLT   C0ATII:G  AGOREGATE 

Sample  N0,_2 ,  Type      Den^e-  9^ac/e</  BiiuMinoos    Cohc^e-f-e 

Percent  Crusher  Dust  in  Fine  Aggregate        50  °A 

Total  Weight  of  Specimen    ^76  6  ^ 

Weight  of   :    Coarse  Aggregate  ZM Ff  »  Fine  Aggregate  Z6Z/  -r- 

Percent  of  Asphalt  (^  by  aggregate  wt.)      ^  9  %  t  Amt,    2?£^^. 

Weight  of  Pan   SOi?  9. 

Aggregate  Retained  on  No.   h  Sieve 
Pan  +  Wt,  of  Asphalt  &  Aggregate  Retained  on  No,  h  Sieve   2760  ^ 
Vvt,  of  Asphalt  &  Aggregate  Retained  on  No.  U  Sieve  j??6o-so2  =  Z Z5'8  f- 
Extraction  Test; 

Wt,  of  Fan  &  Aggregate  Retained  on  No,   h  Sieve  -f*^  2-700  r 
Ash  Correction: 

For  100  cc.  Aliquot  Portion,    0  o7 r 

For      /2  3Z     ,   cc,  fZZZn  o  07  =     o  86  <t- _,   or      /  ■j-. 

Total  Wt,  of  Aggregate  Retained  on  No,  U  Sieve  (pvootQ-soz  -  z/99  y 

Wt,   of  Asphalt  in  Aggregate  Retained  on  No.   h.  Sieve  2zs-g  -2/99  -  S 9  9 

Amt,  of  Fine  Aggregate  in  Aggregate  Ret,  on  No.  ii  Sieve  -x-"   ^/  y /  -  ^z  ». 

(Theo.  v;t,  ^/Bd'^/fs=  -93  -^        ) 
Aggregate  Passing  No,  h  Sieve 
Pan  +  Wt,  of  Asphalt  £c  Aggregate  Passing  No,   U  Sieve      5Q7Z  » 

Wt,  of  Asphalt  &  Aggregate  Passing  No,  ij.  Sieve    3S7Z-  S02.  =  5370  f. 

Eoctraction  Test; 

Wt,  of  Pan  &  Aggregate  Passing  No.   It  Sieved  3693  f 

Ash  Correction: 

For  100  cc.  Aliquot  Portion,      0/9  f 

For    /J-/Z      cc,     /5:/2  %  0/9  -   2.99  -r ,    or     5  ^ 

Total  Wt,  of  Aggregate  Passing  !Jo,  U  Sieve    ~6^s -ts)  -  soz=-  3/94  f 

Wt,  of  Asphalt  in  Aggregate  Passing  No.  h  Sieve  35  70  -  3/94.  -  i76  t 

Percent  Asphalt  in  Aggregate  Passing  No.   \x  Sieve  '^Yj/s^  x  /oo  -  ^ £■  % 

Asphalt  Correction  for  Fine  Aggregate  in  Aggregate  Retained  on  No.   Ii  Sieve: 

0  os-s^  K  iz<}-  =  Z  3  ^.       i   or  2  f. 
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Total  Weight  of  Asphalt  in  Fine  Aggregate  176  ^2   -  /78 ^. 

Total  Weight  of  Asphalt  in  Coarse  Aggregate  5'9-2  =  i"7  9 

Percent  Asphalt  in  Mix  Coating  Fine  Aggregate 

Percent  Asphalt  in  Mix  Coating  Coarse  Aggregate   ^2?s'  ■>'  ''^o  -  Z'^  % 

Percent  Asphalt  Coating  Fine  Aggregate  (^t.  of  fine  agg,)  ^<i^/  *-/oo-    6S% 

Percent  Asphalt  Coating  Coarse  Aggregate  {%  V.'t,  of  coarse  agg,)  /jilts'  ^^/oo-Z  7  % 

^  Filter  paper  burned  in  pan  with  extracted  dry  aggregate, 
«-"-  After  re -sieving  on  No,  \x   sieve. 
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RESULTS 

Strength  or  stability  test  data  were  collected  in  this  investiga- 
tion on  bitiunincus-concrete  and  sand-asphalt  surface  mixtures  prepared 
with  variable  percentages  of  crushed -gravel  fine  aggregate.  In  addition, 
data  were  obtained  on  the  distribution  of  asphalt  between  coarse  and  fine 
aggregate  in  the  controlled  dense -graded  bituminous -concrete  mixtures. 

Strength  or  stability  data  from  laboratory  te^ts  were  obtained  on 
sand-asphalt  mixtures  and  two  groups  of  bituminous -concrete  mixtures  that 
differed  in  gradation.  The  sand-asphalt  mixtures  and  one  of  the  groups 
of  bituminous -concrete  mixtures  adhiered  to  specific  dense -gradation  as 
the  percent  of  crushed  aggregate  was  varied.  They  were  made  with  a  lab- 
oratory-controlled crusher  dust-natural  aggregate  gradation  adhering  to 
the  Corps  of  Engineers*  mirdmum  specifications.  The  other  group  of  bi- 
tifeninous  —  concrete  mixtires  contained  crusher  dust-natural  aggregate 
gradations  within  ASTM  specifications  for  these  t^-pes  of  mixtures.  In 
these  latter  mixtures  two  plant-run  sands,  crijsher  dust  and  Indiana  Mo.  17 
sand,  were  blended  as  received  with  the  gravel  coarse  agfrregate. 

Graphical  representations  of  the  test  results  are  giv'en  in  this 
section  in  Figures  5  to  12,  The  tabulated  data  are  represented  in  Tables 
6  to  13  in  Appendix  P. 

Compressive  strength  or  stability  values  versus  percent  crusher 
dust  in  the  fine  aggregate  are  plotted  in  Figures  6,  7,  and  8»     A.STM, 
Modified  ASTM,  and  triaxial  compressive  strength  values  at  15  and  30  psi, 
lateral  pressures  are  presented  in  pounds  of  maximum  comprssive  load 
rather  than  in  pounds  per  sqxiare  inch  maximum  compressive  strength  in 
order  to  present  a  comparison  with  the  Marshall  stability  values  at  design 
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asT^halt  content. 

In  this  presentation  the  results  are  civen  under  five  general 
headings:  (a)  Mixture  Density  and  Design  Data,  (b)  Strength  Test  Results 
of  Controlled  Dense-Graded  Eituminous-Concretp  Mixtures,  (c)  Strength 
Test  Results  of  Controlled  Dense-Graded  Sand-Asphalt  Mixtures,  (d)  Strength 
Test  Results  of  Bituminous-Concrete  Mixtures  within  ASTM  Specifications, 
and  (e)  Comparison  of  Bituminous-Concrete  and  Sand-Asphalt  Triaxial 
Strength  Characteristics. 

Mixture  Density  and  Design  Data 

Tables  6  and  7  in  Appendix  E  are  given  the  design  asphalt  contents 
determined  by  the  Corps  of  Engineers'  design  procedure  for  the  mixtures 
studied  in  this  investigation,  Marshall  Stability  anf  Flow,  percent  voids, 
percent  voids  filled  with  asphalt,  and  density  values  at  design  asphalt 
contents  suLso  are  given  in  Tables  6  and  7  of  Appendix  B, 

The  Corps  of  Engineers'  design  procedure  utilizing  the  Marshall 
Test  gave  the  design  asphalt  contents  for  each  bituminous-aggregate  mix- 
ture containg  the  various  percentages  cf  crusher  dust  and  natural  sand. 
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TABLE  5 
Design  Asphalt  Contents  of  Bitiminous-Aggregate  Mixtures 


Mixture 
Type 


Bituminous - 

Concrete 
(C.E,  ,:in. 
Gradation 

Sard-Asrhalt 
(r.E.  Min. 
Gradaticnl 


Bituminous - 

Concrete 

Crusher  dust- 

Na t\ii"al  aggregate  blends 

(ASTI'I  Gradations) 


Cnisher  Dust 
Percent  by  V.'eight 
of  Fine  Aggregate 

0 

25 

50 

75 

100 

0 

25 

50 
75 

100 


0 
25 

50 
75 

100 


Asphalt  Content 

Percent  by  Weight 

of  Aggregate 

li.6 
U.8 
h.9 
5.1 
5.5 

6.3 
6.6 
6.9 

7.1 
7.2 


5.6 


The  data  in  Tables  5>  6  and  7  shov  increased  values  of  the  design 
asphialt  content  for  all  the  mixtures  as  the  percentage  of  crusher  dust 
in  the  fine  aggregate  was  increased.  The  sand-asphalt  mixtures  had  the 
highest  design  asphalt  contents.  For  the  bituninous-cqncrete  mixtures 
vithin  ASTI'-'I  specifications,  the  design  asphalt  content  values  did  not 
vary  greatly  as  the  amount  of  crushed  dust  was  increased  and  were  near 
the  upper  values  for  the  design  asphalt  contents  detenained  for  the  con- 
trolled denpe-graded  bituminous-concrete  mixtures.  In  the  controlled 
dense-graded  bitvminous -concrete  mixtures,  the  design  asphalt  contents 
varied  over  a  greater  range  of  values  than  those  in  the  bituminous-ccn- 
crete  mixtures  within  ASTl'^  specifications. 

Marshall  Flow  values,  given  in  Tables  6  and  7,  generally  show  a 
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trend  of  decreasing  oi'  constent  values  in  both  the  controlled  dense-grad- 
ed and  ASTH  specification-tjT:>e  bit\»iinous-ccncrete  mixtures  as  amounts 
of  crusher  dust  increases,  vjhile  in  the  controlled  dense-graded  sand- 
asphalt  mixtures  the  Flov  values  increased  as  the  percentage  of  cnisher 
dust  in  the  fine  aggregate  was  increased. 

Tables  6  and  7  list  the  unit  weights  of  the  bituminous-concrete 
and  sand-asphalt  mixtures  at  their  design  asphalt  content,  Unit-veight 
values  at  design  asphalt  content  were  the  highest  in  the  controlled 
dense-graded  bituiainous-concrete  mixtures  (150,9  to  l5l,3  lb,/cu,ft,). 
In  the  controlled  dense-graded  sand-asphalt  mixtures  the  unit-weight  • 
values  are  loiJer(ll|l),3  to  lli6.5  Ib./cu.ft.)  at  the  design  asphalt  con- 
tent than  in  the  controlled  dense-graded  bituminous-concrete  mixtures 
(150,9  to  15'1»3  lb,/cu,ft,).  The  bituminous -concrete  mixtures  that  con- 
sisted of  aggregate  gradations  within  ASTM  specifications  (Table  7)  had 
unit- weight  values  generally  between  the  unit-weight  range  of  the  con- 
trolled dense-graded  sand-asphalt  and  bituminous -concrete  mixtuires 
(lijU,l  to  1)49,3  Ib./cu.ft.)  .and  with  a  greater  range  of  values. 

Figure  $   shows  plots  of  test-specimen,  density  versus  percent 
crusher  dust  in  the  fine  aggregate  for  all  mixtures.  Unit- weight  data 
for  specimens  computed  by  ASTM  procedure  a  re  found  in  Tables  10,  11  and 
12,  There  was  a  change  in  density  depending  upon  the  compaction  method 
and  tiie  gradation  of  the  aggregate  used  in  the  mixture. 

The  variation  in  density  that  resulted  from  the  compaction  method 
is  illustrated  by  the  plots  of  the  density  values  resulting  from  the 
ASTM  metliod  of  compaction  and  the  density  values  resulting  from  the 
Corps  of  Engineers'  compaction  method.  These  density  values  are  shown 
in  Figure  5  aJ^d  identified  by  ASTM  notation  on  the  one  hand  and  Marshall, 
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"trtjudj4*sj^  Modified  ASTM  notation  on  the  other.  The  greatest  range 
in  density  of  the  test  specimens  that  resulted  froin  varying  percentages 
of  cinisher  dist  in  the  fine  aggregate  occurred  vd.th  the  ASTM  compaction 
procedure . 

The  type  of  mixture  influenced  density  when  the  compaction  procedure 
for  the  test  specimens  remained  the  same.  The  greatest  density  values 
were  those  that  resulted  from  the  compaction  of  the  controlled  dense- 
graded  bituminous-concrete  mixtures  and  the  bituminous -concrete  mixtures 
within  ASTM  specifications.  The  test  specimens  that  consisted  of  bi- 
tuminous-concrete mixtures  within  ASTM  specifications  had  the  greatest 
change  in  density  when  the  percentage  of  crusher  dust  increased  in  the 
fine  aggregate. 

Table  10  and  Figure  5  show  that  density  produced  by  ASTM  compaction 
was  less  than  density  produced  by  Modified  ASn4  compaction  for  any  given 
percentage  of  crusher  dust  in  the  fine  aggregate  fraction  of  the  con- 
trolled dense-graded  bituminous-concrete  mixtures.  For  the  controlled 
dense-graded  sand-asphalt  mixtures,  the  density  values  of  the  ASTM 
speciinens  (Table  11)  are  less  than  the  density  values  of  the  Modified 
ASTM  test  specimene  up  to  50  percent  cnasher  dust  in  the  mixture,  and 
thereafter  as  the  percentage  of  crusher  dust  increased  from  50  to  100 
percent,  the  density  Values  of  the  ASTM  test  specimens  were  greater. 
For  the  bitiominous-concrete  mixtures  within  AST;-!  specifications.  Table 
12  and  Figure  5  show  the  density  values  of  the  ASTM  compacted  test 
specijnens  to  be  greater  than  the  density  values  of  the  Modified  ASTM  test 
speciinens  when  more  than  50  percent  of  crusher  dust  was  used  in  the  fine 
aggregate. 


COMPARATIVE       DENSITIES 

OF  TEST  SPECIMENS 
vs. 

PERCENT  CRUSHER  DUST 
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Strength  Test  rlesults  of  Controlled  Dense-Graded 
Bituroinous-Concrete  Mixtures 


Compressive  strength  or  stability  values  versus  percent  crusher 
dust  in  the  fine  aggregate  are  shown  graphically  in  Figure  6  for  the 
bituminous-concrete  mixtures  with  controlled  (Corps  of  Engineers') 
dense  grading.  These  data  are  also  presented  in  Tables  6,  8  and  10  in 
Appendix  B. 

In  general,  the  results  of  the  strength  tests  used  in  this  inves- 
tif^ation  show  increased  compressive  strength  or  stability  values  for  these 
mixtures  when  the  percent  of  crusher  dust  in  the  fine  aggregate  was  in- 
creased, 

Triaxial  strength  data  are  shown  graphically  in  Fi -ure  6  and  pre- 
sented in  Table  8.   .Vith  a  given  percentage  of  crusher  dust,  tfie  compres- 
sive strength  values  at  lateral  pressures  of  30  psi.  were  ;2:reater  than 
those  at  lateral  pressures  of  15  psi.  The  compressive  strength  curves 
representing  each  lateral  pressure  had  approximately  the  same  shape. 
The  compressive  strength  values  at  each  lateral  pressure  increased  with 
an  increased  percentage  of  crusher  dust  in  the  fine  aggregate. 

Figure  6  and  Table  6  show  that  Marshall  stability  values  at  design 
asphalt  content  increased  to  a  maximum  load  value  when  the  percentage  cf 
crusher  dust  in  the  fine  aggregate  increased  to  50  percent,  and  at  per- 
centages of  crusher  dust  in  the  fine  aggregate  greater  than  50  percent, 
the  I-^rshall  Stability  values  remained  approximately  the  same.   The  Ikr- 
shall  Stability  values  were  lower  than  the  compressive  strength  values 
obtained  from  other  tests  used  in  this  investigation  for  any  given  per- 
centage of  cinisher  dust  in  the  fine  aggregate. 

A3TH  and  Modified  A3TM  coinpressive  strength  data  are  presented  in 
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COMPRESSIVE  STRENGTH  OR  STABILITY 

vs. 

PERCENT  CRUSHER  DUST 

BITUMINOUS  -  CONCRETE      MIXTU  RES 
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Table  10  and  shovii  graphically  in  Fignre  6.  Figure  6  shows  increased 
compressive  strength  values  from  ASTM  tests  for  the  Modified  ASTI'I  and 
the  ASTM  test  specimens  when  the  percentage  of  crusher  dust  increased 
in  the  fine  aggregate.  The  compressive  strength  values  for  Modified 
ASTM  specimens  were  greater  than  values  for  ASTM  specimens  for  any  given 

* 

percentage  of  crusher  dust  in  the  fine  aggregate  fraction.  The  compres- 
sive strength  values  for  Modified  ASTI-I  and  ASTM  specimens  were  the  high- 
est strength  values  obtained  when  compared  with  the  triaxial  test  and 
Marshall  Stability  values  at  any  given  percentage  of  crusher  dust  in  the 
fine  aggregate. 


Strength  Test  Resiilts  of  Controlled  Dense-Graded 
Sand-Asphalt  Mixtures 


Compressive  strength  or  stability  values  versus  percent  crasher 
dust  for  the  controlled  (Corps  Engineers')  dense-graded  sand-asphalt 
mixtures  are  shown  graphically  in  Figure  7.  These  data  are  also  pre- 
sented in  Tables  6,  8  and  11  in  Appendix  B. 

The  results  of  all  the  tests  used  in  this  investigation  on  these 
mixtures  showed  increased  compressive  strength  or  stability  values  when 
the  percentage  of  c rusher  dust  was  increased.  With  a  given  percentage 
of  crusher  dust,  the  compressive  strength  values  at  lateral  pressures 
of  30  psi,  were  greater  than  those  at  lateral  pressuires  of  15  psi,. 
The  compressive  strength  curves  representing  each  lateral  pressiore  had 
approximately  the  same  shape.  The  compressive  strength  values  at  each 
lateral  pressure  increased  with  an  increased  percentage  of  crusher  dust. 

Figure  7  and  Table  6  show  that  Marshall  Stability  values  at  design 
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asphalt  content  increased  with  an  increased  percentage  of  crusher  dust. 
The  Marshall  Stability  values  were  lower  than  the  compressive  strength 
values  obtained  frcm  other  tests  used  in  this  investigation  for  any 
given  percentage  of  crusher  dust. 

Compressive  strength  data  for  ASTH  and  Modified  ASTM  test  speci- 
mens are  presented  in  Table  11  and  shc-vm  graphically  in  Figure  7,  Fig- 
ure 7  shows  increased  compressive  strength  values  from  ASTl^I  tests  for 
the  Modified  ASTM  and  ASTH  test  specimens  when  the  percentage  of  crusher 
dust  was  increased.  The  compressive  strength  values  for  ASTM  specimens 
were  greater  than  for  Modified  ASWi   specimens  for  given  percentages  of 
crusher  dust  greater  than  50  percent.  The  ASTM  compressive  strength 
values  for  ASTM  and  Modified  ASTM  specimens  were  the  highest  strength 
values  obtained  when  compared  with  the  triaxial  test  values  and  Msir- 
shall  Stability  values  for  any  given  percentage  of  crusher  dust. 


Strength  Test  Results  of  Bituminous -Concrete  Mixtures 
within  ASTM  Specifications 


Compressive  strength  or  stability  values  versus  percent  crusher 
dust  in  the  fine  aggregate  are  shown  graphically  in  Figure  8  for  bi- 
tuminous -concrete  mixtures  within  ASTM  specifications.  These  data  are 
also  presented  in  Tables  7,  9  and  12  in  Appendix  B, 

The  results  of  all  the  tests  used  in  this  investigation  on  these 
mixtures  show  increased  compressive  strength  or  stability  values  when 
the  percentage  of  crusher  dust  in  the  fine  aggregate  was  increased. 

With  a  given  percentage  of  crusher  dust,  the  compressive  strength 
values  at  lateral  pressures  of  30  psi.  were  greater  than  thope  at  lat- 
eral pressures  of  1^  psi.  The  compressix'e  strength  curves  representing 
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each  lateral  pressure  had  approxjanately  the  same  shape.  The  compressive 
strength  values  at  each  lateml  pressure  increased  with  an  increased 
percentage  of  crusher  dust  in  the  fine  aggregate. 

Figure  8  and  Table  7  show  that  llarshall  Stability  values  at  design 
asphalt  content  increased  when  the  percentage  of  crusher  dust  in  the 
aggregate  increased.  The  Marshall  Stability  values  were  lower  than 
the  compressive  strength  values  obtained  froci  othicr  tests  used  in  this 
investigation  for  any  given  percentage  of  crusher  dust  in  the  fine  ag- 
gregate. 

Compreesive  strength  data  for  ASTM  and  Modified  ASTM  test  specimens 
are  presented  in  Table  12  and  shown  graphically  in  Figure  6.  Figure  8 
shows  increased  compressive  strength  va]ues  fi-om  ASTM  tests  for  the  Mod- 
ified ASTO  and  ASTM  test  specimens  when  the  percentage  of  crusher  dust  in- 
creased in  the  fine  aggregate.  The  compressive  strength  values  for  ASTH 
specimens  were  greater  than  for  Modified  ASTM  specimens  at  given  per- 
centages of  crusher  dust  in  the  fine  aggregate  greater  than  75  percent. 
The  compressive  strength  values  for  ASTK  and  Modified  ASTM  specijnens 
were  the  highest  strength  values  obtained  when  compared  vltti   the  tri- 
eixial  test  and  Marshall  Stability  values  for  any  given  percentage  of 
crusher  dust  in  the  fine  aggregate. 


Comparison  of  Bitianinous- Concrete  and  Sand-Asphalt 
Triaxial  Strength  Characteristics 


The  trlaxial  strength  characteristics  of  cohesion  and  angle  of 
internal  friction  for  the  bituminous  surface  mixtures  studied  in  this 
investigation  are  presented  in  Tables  8  and  9  in  Appendix  B  and  shown 
graphically  in  Figures  9,  10  and  11, 
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Controllgc  I 'ense -Graded  Pituminoug-Cor,rret«  Mixtures 

Triaxial  test  results  showlnp  thft  relationships  between  cohesion 
and  angle  of  internal  friction  and  the  percent  of  crusher  dust  in  the 
fine  aggref-ate  for  dense-graded  bituminous-concrete  mixtures  are  pre- 
sented in  Fifoire  9.  Figure  9  shows  increased  values  of  cohesion  and 
angle  of  interna]  friction  when  the  percentage  of  crusher  dust  in  the  fine 
aegregate  fraction  was  increased.  Cohesion  increased  from  39,0   to  hi .0 
psi,  and  the  angle  of  internal  friction  increased  from  26.3  to  38.7  deg- 
rees when  the  percentage  of  cr-asher  dust  in  the  fine  aggregate  was  in- 
creased from  0  to  100  percent. 

Controlled  Dense-Graded  Sand-Apphalt  Mixtures 

Triaxial  test  results  showing  the  relationship  between  cohesion 
and  angle  of  internal  friction  and  percent  of  crusher  dust,  for  dense- 
graded  sar.d-asphalt  mixtures  are  presented  in  Figtire  10.  Figure  10  shows 
increased  values  of  cohesion  and  decreased  values  of  angles  of  internal 
friction  vjhen  the  percentage  of  crusher  dust  increased.  Cohesion  increas- 
ed from  17.1  to  69. h   psi.  and  the  angle  of  internal  friction  decreased 
from  3h»B   tc  23.5  degrees  when  the  percentage  of  crusher  dust  increased 
from  0  to  100  percent. 

Fitumiiious- Concrete  Mixtures  within  ASTM  Specifications 

Triaxial  test  results  showing  the  relationship  between  cohesion  and 
angle  of  internal  friction  and  percent  of  crv;sher  dust  in  the  fine  ag- 
gregate for  bitujTiinous-concrete  mixtures  within  ASTM  specifications  are 
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presented  in  Figure  11,  Figure  11  shows  increased  values  of  cohesion 
and  anjle  of  internal  friction  when  the  percentage  of  crusher  dust  in  the 
fine  ag^^regate  was  increased.  Cohesion  increased  from  33.0  to  [il,?  psi, 
and  the  angle  of  internal  friction  increased  from  37, b  to  h6»S   degrees 
when  the  percentage  of  crusher  dust  in  the  fine  aggregate  increased  from 
0  to  100  percent. 

The  data  obtained  from  the  extraction  tests  on  the  controlled 
dense-graded  bituminous-concrete  nii:ctures  are  presented  in  Table  13  in 
Appendix  B  and  sho'vm  graphically  in  Flf;vire   12,  Figure  12  shows  the  dis- 
tribution of  asphalt  between  the  coarse  aggregate  and  fine  aggregate 
portions  of  the  bituminous-concrete  mixtures,  and  the  relation  of  this 
asphalt  distribution  to  the  triaixial  strength  characteristics  of  these 
mixtures  wlien  the  percentage  of  crusher  dust  in  the  fine  aggregate  was 
changed . 

The  plotted  data  in  Figure  12  show  that  the  amount  of  asphalt 
coating  the  coarse  aggregate  decreased  from  3.5  to  2, .'4  percent  when  the 
percentage  of  crasher  dust  increased  frca  0  to  75  percent.  However, 
an  increase  from  75  to  100  percent  of  cnsher  dust  in  the  fine  aggregate 
resulted  in  an  increase  of  asphalt  coating  the  coarse  aggregate  from 
2, '4  to  3.0  percent.  The  amount  of  asphalt"  coating  the  fine  aggregate 
fraction  of  the  controlled  dense-graded  bitiminous-concrete  mixtures 
increased  from  5.5  to  7,6  percent  when  the  percentage  of  crusher  dust 
in  the  fine  aggregate  increased  from  0  to  100  percent.  However,  with 
percentages  of  crasher  dust  from  75  to  100  percent  the  increase  of 
asphalt  coating  the  fine  aggregate  was  relatively  small  (7«3  to  7.6 
percent). 
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COHESION  a  ANGLE  OF  INTERNAL  FRICTION 


vs. 


PERCENT  CRUSHER  DUST 


CRUSHER  DUST- NATURAL  AGGREGATE  BLENDS 
WITHIN   ASTM    SPECIFICATIONS 

BITUMINOUS-CONCRETE    MIXTURES 


25  50  75 

CRUSHER     DUST-   PERCENT    OF     FINE    AGGREGATE 


00 


FIGURE    II 


83. 


In  Figure  12  the  design  asphalt  contents  of  the  controlled  dense- 
graded  sand-asphalt  mixtures  are  plotted  against  percent  of  cnisher  dust 
in  the  sand.  It  should  be  repeated  here  that  the  controlled  dense- 
graded  sand-asphalt  mixtures  and  the  fine  aggregate  fraction  of  the 
controlled  dense-graded  bituminous-concrete  mixtures  consisted  of  the 
sarie  aggregates  and  aggregate  gradation.  The  range  in  amounts  of  as- 
phalt coating  the  fine  aggregate  when  percentage  of  crusher  dust  was 
varied  was  greater  in  the  fine  aggregate  fraction  of  the  controlled  dense- 
graded  bituminous-concrete  mixtures  than  in  the  controlled  dense-graded 
sand-asphalt  mixtures.  The  amount  of  asphalt  coating  the  fine  aggregate 
portion  of  the  controlled  dense-graded  bitiiminous-concrete  mixtures 
exceeded  the  percentage  of  asphalt  in  the  ssnd -asphalt  mixtures  with 
percentages  of  crusher  dust  greater  than  5C  percent. 

Figure  12  shows  increased  amount  of  asphalt  coating  the  f:ne  ag- 
gregate and  decreased  amount  of  asphalt  coating  the  coarse  aggregate  for 
the  controlled  dense-graded  bitvoninous-concrete  mixtures  when  the  per- 
centage of  crusher  dust  in  the  fine  agp:regate  increased  from  0  to  75  per- 
cent; at  the  sartie  time,  cohesion  aiid  angles  of  internal  friction  increas- 
ed for  these  mixtures.  The  angle  of  internal  friction  did  not  increase 
when  these  mixtures  contained  75  to  IOC  percent  of  crusher  dust  in  the 
fine  aggregate  and  the  fflnount  of  asphalt  coating  the  coarse  aggregate 
increased  with  this  increase  in  percentage  of  crusher  dust. 

Figure  10  shows  increased  cohesion  and  decreased  angle  of  internal 
friction  when  the  percentage  of  crusher  dust  was  increased  in  the  control- 
led dense-graded  sand -asphalt  mixtures;  at  the  same  time.  Figure  12  shows 
the  design  asphalt  content  to  havt  increased  for  these  mixtures. 
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SUMi'iAUY  OF  RI',SULT3  AWU  GUiJCLUSI0N3 

The  follcvdng  summary  of  results  from  this  investigation  are  pre- 
sented.  The  results  are  limited  to  the  types  of  bituminous  surface  mix- 
tures «:'.ployed  in  this  investigation  and  to  the  methods  of  testing  described 
herein.   Because  of  the  scope  and  nature  of  this  study,  these  results 
have  not  been  evaluated  by  testing  similar  materials  under  field  conditions, 

1,  In  general,  the  results  from  the  laboratory  tests  used  showed  ap- 
preciable strength  increases  in  the  mixtures  studied  when  the  percentage 

of  crusher  dust  in  the  fine  aggregate  was  incrcf^sed.   That  is  to  say,  the 
compressive  strength  of  each  mixture  increased,  regardless  of  whether  grav- 
el coarse  aggregate  was  incorporated  into  the  mix  or  not,  as  the  presence 
of  crusher  dust  became  more  prominant  in  the  fine  aggregate.  Figures  6  to 
8  show  that  even  a  small  percentage  of  crusher  dust  in  the  fine  aggregate, 
25  perceiit  or  so,  increased  the  compressive  strength  of  the  mixtures  over 
similar  mixtures  that  contained  all  natural-sand  fine  aggregate. 

2,  Compressive  strength  values  that  resulted  from  A3TM  tests  on 
A3TM  and  Modified  A3TM  test  specimens  were  the  highest  strength  values 
obtained,  and  were  followed  in  decreasing  order  by  triaxial  test  and  Ilar- 
shall  Stability  values.  These  strength  differences  were  due  in  pa.rt  to 
variations  in  specimen  size,  specimen  density,  testing  speed  and  testing 
t«nperatiire. 

3,  A3TM  tests  on  ASTH  and  Modified  A3TK  test  specimens  resulted  in 
compressive  strength  values  of  greater  magnitude  in  the  controlled  dense- 
graded  sand-asphalt  mixtures  than  the  lower  and  more  equal  values  that 
resulted  from  these  tests  on  controlled  dense-graded  and  A3TM  specif i- 


86, 


cation-type  bituraincus-concrete  mixtures.  The  compressive  strenpth 
data  from  the  triaxial  test  showed  a  lesser  variance  in  strength 
valvies  than  the  ASTM  and  Modified  ASTH  test  data  when  the  percentage  of 
crusher  dust  varied,  Marshall  Stability  values  for  the  controlled  dense- 
graded  bituminous-concrete  mixtures  varied  less  and  were  greater  at  small 
percentages  of  crusher  dust,  0  to  50  percent,  in  the  fine  aggregate  when 
compared  to  the  controlled  dense-graded  sand-asphalt  mixtures  and  the 
bituminous-concrete  mixtures  within  ASTM  specifications, 

U.  The  presence  of  cinisher  dust  in  the  fine  aggregate  increased  the 
design  asphalt  content,  of  all  the  mixtures  studied.  The  greatest  increase 
in  design  asphalt  content  due  to  increased  percentages  of  crusher  dust  in 
the  fine  aggregate  vjas  in  the  controlled  dense-graded  bituminous-concrete 
and  sand-asphalt  mixtures.  A  lesser  increase  in  design  asphalt  content 
due  to  increased  percentages  of  crusher  dust  in  the  fine  aggregate  was 
in  the  bituminous-concrete  mixtures  where  the  crasher  dust-Indiana  No,  17 
sand  fine  aggregate  grading  varied  within  ASTM  specifications, 

5,  Similar  compressive  streni-:^h  characteristics  were  found  from 
the  tests  used  in  this  investigation  for  the  controlled  dense-graded 
and  ASTM  specif icationi- type  bitiirainous-concrete  mixtures.  Bituminous- 
aggregate  mixture  strength  was  approximately  duplicated  for  these  bi- 
taminous-concrete  mixtures.  The  design  asphalt  contents  of  the  bituminous- 
concrete  mixtures  within  ASTM  specifications  were  greater  than  those  in 
the  controlled  dense -graded  bituminous -concrete  mixtures  at  lower  per- 
centages of  crusher  dust,  0  to  50  percent,  in  the  fine  aggregate;  and  in 
these  two  groups  of  mixtures  with  this  percentage  ranpe  of  crusher  dust 
in  the  fine  aggregate,  the  bituminous-concrete  mixtures  within  ASTM 
specifications  were  less  densely  graded  than  the  controlled  dense-graded 
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bituminous-concrete  mixtures. 

6,  The  causes  for  increased  compressive  strength  in  the  controlled 
dense-graded  bitiaminous -concrete  mijcbures  and  the  bituminous-concrete  mix- 
tures within  AST>1  specifications  seemed  primarily  due  to  the  increased 
val'jes  of  cohesion  and  angles  of  internal  friction  with  increased  per- 
centages of  crusher  dust  in  the  fine  agf^regate, 

7.  The  cause  for  the  increased  compressive  strength  in  the  control- 
led dense-graded  sand-asphalt  mixtures  seemed  primarly  due  to  the  high 
increase  in  cohesion  as  compared  to  a  relati'/ely  small  effect  resulting 
from  a  decrease  in  the  angle  of  internal  friction  when  the  percentage  of 
crusher  dust  in  the  fine  aggregate  increased.   In  other  words,  when  the 
cohesion  increased  at  the  same  tirue  the  angle  of  internal  friction  de- 
creased, the  over-all  effect  was  increased  compressive  strength, 

3,  Triaxial  strength  characteristics  of  cohesion  and  angle  of  in- 
ternal friction  for  the  controlled  dense-graded  bituminous -concrete  mix- 
tures studied  seemed  to  have  been  influenced  by  the  distribution  of  as- 
phalt betvreen  the  coarse  aggregate  and  fine  aggregate  fractions  of  these 
mixtures;  this  distribution  of  asphalt  was  influenced  by  the  amount  of 
crushed-gravel  fine  aggregate. 

Figure  12  has  shown  that  cohesion  and  angle  of  internal  friction 
increased  when  the  asphalt  in  the  coarse  aggregate  fraction  decreased. 
At  the  same  time  the  asphalt  in  the  coarse  aggregate  fraction  decreased, 
the  asphalt  in  tb-e  fine  aggregate  fraction  increased  by  an  amount  equal 
to  the  loss  of  asphalt  in  the  coarse  aggregate  fraction.  These  results 
could  be  explained  by  a  theory  of  bituminous-aggregate  mixture  strength 
that  angle  of  internal  friction  is  largely  dependent  upon  the  character- 
istics and  amount  of  relatively  large  aggregate  (coarse  aggregate)  in 
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the  mixture,  and  cohesion  is  largely  dependent  upon  the  characteristics 
of  the  fine  agfregate  and  the  amount  of  bituminous  binder  therein,. 

9«  Generally,  for  all  mixtures  and  compaction  methods  used  in  this 
investigation,  except  for  the  controlled  dense-graded  bituminous -concrete 
mixtures  compacted  by  the  Corps  of  Engineers'  procedure,  the  density  re- 
sulting from  each  conpaction  procedure  for  each  mixture  increased  when 
the  percentage  of  ci^isher  dust  in  the  fine  aggregate  increased; at  the 
same  tine,  the  comprersive  strength  of  these  mixtures  increased.  This 
increase  in  density  seemed  primarily  due  to  the  higher  specific  gravity 
and  angularity  of  the  crusher-dust  fine  aggregate  when  compared  to  the 
natural-sand  fine  aggregate. 

10,  The  increased  strength  of  bituminous  surface  mixtures  made 
with  crushed-gravel  fine  agpregate,  or  crusher  dust  when  compared  to 
similar  mixt.iires  made  with  natural-ssnd  fine  aggregat%was  thought  to 
be  due  to  the  angularity  and  surface  texture  cf  the  crashed  aggregate. 
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oUGGESTIuNJ  t'^jd   ADDIfIui;AL  iu-oLAnCH 

The  results  from  this  investigation  and  several  preceeding  investi- 
o;ations  suggest  further  studies  of  crushed-gravel  fine  aggrei;ate  in  all 
types  of  bituminous-aggregate  mixtures.  Additional  research  could  prove 
worthwhile  on  other  types  of  bituminous-aggregate  mixtures  where  crushed- 
rravel  fine  a.^gregate  is  used. 

A  specific  goal  in  this  research  would  be  a  "rule  of  thumb"  method 
such  that  sands  resulting  from  crushed  gravel  could  be  blended  with  a 
natural  plant-run  sand  at  given  percentages  to  give  some  pre-deterniined 
strengl-.h  properties  of  the  bituminous  surface  irdxtures  made. 

Additional  study  could  further  investigate  the  effect  of  the  char- 
acteristics and  sjrount  of  fine  aggregate  and  aggregate  gradation  upon 
asphalt  distribution  in  bituminous-concrete  mixtures,  and  the  resulting 
effect  this  has  on  triaxial  strength  characteristics  of  these  mixtures. 

.Although  angularity  and  surface  te:cture  of  the  crushed-gravel  fine 
aggregate  was  an  important  strength- increasing  rropertj'-  of  crus?ier  dust, 
it  was  also  believed  that  the  fines  resulting  from  the  gravel- crushing 
process  have  characteristics  that  influence  strength.  A  further  study 
could  investigate  the  strength  properties  and  characteristics  of  the  fine 
material  resulting  from  the  gi-avel-cmshing  process. 
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APPEI^JDC  A 

DERIVATION  OF  RELATICIiSHIP  BET^ffiEN  THE  PLOT  OF 
COMPRESSIVE  3TR2i>iGTH  VS.    LATERAL  PRESSURE  AND  i'iOHR'S  RUPTURE  KWELOPE   (19) 
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The  equation  of  the  linear  line  in  Figure  13  is: 

Pv=  b  Ph  +  a 

Derivation  of  Equation  of  Sin  <{> 
From  Figure  1!+: 

TR  =  PvP-  -  Ph"/2  MN  =  Pv^-  Ph'/2  OT  =  Py^  ^  Ph"/2 


CM  =  Ft^+   Ph'/2 


Sin  ^  _  RQ  _  TR  -  MN 
m       OT  -  OM 


-    (PvJK'-  Ph"/2)  -  {ri-^>(-  Ph'/2)  _  Pv"  -  Ph"  ~  Pv'-t-  Ph' 
(PyV+  Ph"/2!)  -  (P\ff -V-  Fh'/2)  "  Pv"  -»-  Ph"  -  Pv'-  Ph' 


Where  (from  Figure  13): 

Pv"  =  Pv  of  higher  value  =  b  Fh"  -♦-  a 
Pv'  =  Pv  of  lower  value  =  b  Ph'  ■♦-  a 

Then: 

Pv"+  r^'  =  b?h"+  bPh'+  2a     or     Pv"  =  bPh"+  bPh'  +  2a  -  P'/' 

Sin  )^  =  bPh"-^-bPh' 4-  2a  -  Pv'   -  Ph"  -  Pv'  4-?h' 
bPh"+-  bPh'  +  2a  -  Pv'   +-  Ph"  -  Pv'-  Ph' 

Ph"(b  -  1)4-  Ph'(:b-^  1)  -  2(Fv'   -  a) 
Ph"(b  +1)+  I-h'db  -  1)  -  2(Pv'-  a) 

but  Pv'   -  a  =  bPh« 

Ph"('b  -  D-i- Fh'(b4-1)  -  2bFh' 
Ph"(b-t-  1)+  Ph'(b-l)  -  2bPh' 

Ph"(b  -  1)  -  Ph'(b  -  1,^ 
Ph"(b+  1}  -  Ph'(b-»-  1) 

Let  Ph"  =   nPh',  \*ere  n  is  any  positive  nijjnber. 

Sin  jz(=  nPh'fb  -  1)     Ph'(b  -  1)  _     (nPh'4-  Ph' )   (b  -  1) 
ixPh'Cb  +  1)     Ph«(b  +  1)  (nPh'-i-Ph')    (b  +  1) 

Thus  Sin  (f>  -  b  •-  1 
b+  1 
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Derivation  of  Sguation  for  c 

From  Figure  11+: 

m-   Pv'  -  Ph»/2  07  =  c  cot  ^  OM  =  Pv'+  Ph»/2 

Sin  ^  -  M   _.       mi      _  Pv'  -  Ph'/2     

VM         OM  +  OV       PvnriirV2~rc~cot~^ 

But  since  sin  ^_  b  -  1  : 
b  +  1 

b  -  1    _  Pv'  -  Ph' 

b  +  1     '  I-V  +    Ph'+  2c  cot  f> 

(Pv'   -  Ph')    (b+l)  =  (Pv'+  Ph'+  2c  cot  <f>)   (b  -  1) 

Pv'b  +  Pv«  -  Ph'b  -  Ph' =  Pv'b  -  Pv'+Ph'b  -  Ph'-|.2bc  cot  <f, 

-  2c  cot  ^ 

2  Pv'   -  2Ph'b  =  2bc  cot  ^  -  2c  cot  >;( 

However     Pv'  -  Ph'b  =  a 

a  =  c  cot  j^  (b  -  1) 


c  -        a 

cot  ji^  (b  -  1) 

Since  sin  ^  ^  b  -  1 
b  +  1 


(b-»-  1 


(b-1) 


cot  ^  ^  2Vb" 
b-1 


Thus : 


c  =  a 

2\r5  (bUy 

b-1 


c  -     a 


2V^ 
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APPIiJDIX  B 

This  appendix  presents  in  tabular  form 
the  labora.tory  test  data  which  have  been  ob- 
tained in  this  investigation. 


The  data  are  given  in  the  follovring 
order: 

A.  Corps  of  Engineers'  Design  Data. 

B.  Triaxial  Test  Data. 

C.  ASTM  and  Modified  A3TM  Test  Data. 

D.  Asphalt  Extraction  Test  Data. 
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TABLE  6 


CORPS  OF  ElJGINiJiRS'  DESIGN  DATA 


BITUMINOUS-CONCRETE  MIXTURES 

,    CONTROLLED  DENSE^GRADED 

PERCEIJT 
CRUSHKH  DUST 

design  asihalt 
Content* 

I4ARSHAT,T, 
STABILITY 
lbs. 

MARSHALL 

FLOW 
1/100-in. 

PERCEl^T 
VOIDS 

PERCENT  VOIDS 
FILLED  WITH 
ASPHALT 

UNIT 

WEIGHT 

Ib/cu.ft. 

0 

4.6 

1500 

12.0 

3.3 

77 

151.3 

25 

4.8 

1790 

11.7 

3.5 

75 

150.9 

50 

4.9 

??00 

11.0 

3.2 

80 

151.3 

75 

5.1 

2190 

11.8 

3.2 

80 

151.0 

100 

5.5 

2050 

11.5 

3.8 

78 

151.0 

C 

janduasfhalt  ml 

tTUHKS,    CoNTR()T,T.F,n  DENS&.GRADED 

0 

6.3 

860 

10.0 

6.0 

70 

144.7 

25 

6.6 

1100 

10.7 

6,0 

72 

14A.3 

50 

6.9 

i/,ro 

11.0 

5.8 

73 

146.5 

75 

7.1 

2040 

14.9 

5.0 

75 

146.3 

100 

7.2 

2425 

16.0 

5.5 

75 

U5.7 

■«■  Design  asphalt  content  given  in  terms  of  percent  by  weight  of 
total  aggregate. 
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TABLE  7 


CORPS  OF  ENGII^IEERS'  DJiSIGN  DATA 


CRUSHER  DUST 

-  NATURAL  AGGREGATE 

BLKNDS 

WITHIN 

ASTM  SPECIFICATIONS  FOR  BITUMIlJoUS-CONCRErE  MIXTURES 

FEKCEMT 

DESIGN  ASPHALT 

MARSHALL 

MARSHALL 

PE:iCENT 

PERCEI^T 

VOIDS 

UNIT 

CRUSHER  DUST 

CuNTEI\!T^> 

STABILITY 

FLOW 

VOIDS 

FTT,T.F,n 

WITH 

WEIGHT 

lbs. 

1/100- in. 

ASPHALT 

Ib/cu.ft. 

0 
25 

5.4 

650 

15.4 

3.9 

74 

l/i/i.l 

50 

5.5 

1260 

12.9 

3.7 

77 

U7.5 

75 

5.5 

1720 

13.2 

3.0 

79 

148.8 

100 

5.6 

2010 

12.7 

3.0 

83 

U9.3 

-•'-  Design  asphalt  content  given  in  terras  of  percent  by  weight  of 
total  aggregate. 
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TABLE  8 


TRIAXIAL  TEST  RESULTS 


BITUMINOUS-CONCRETE  MIXTURES,  CONTROLI£D  DENS&-C-RADED 

lercent 
Crusher  Dust 

0 

25 

50 

75 

100 

Lateral  Pressure 
psi. 

15 

30 

15 

30 

15 

30 

15 

30 

15 

30 

Compressive 
Strength-psi. 

153 

157 

188 
193 

173 
lai 

221 
213 

206 
196 

251 
241 

214 

208 

262 
260 

216 
220 

272 
262 

Ave,  Compressive 
Strength-psi. 

155 

190 

177 

217 

201 

246 

211 

261 

218 

267 

b 

45.5 

1  c  c 

45.5 

45.5 

45.5 

a 

20.0 

22.9 

26.3 

28.5 

28.5 

sin  ^ 

O./AC 

0.504 

0.579 

0.625 

0.625 

i,   deg. 

26.1 

30.2 

35.4 

38.7 

38.7 

c,  psi. 

39.0 

42.7 

44.5 

45.0 

47.0 

SAI^ID-ASPHALT  MIXTURES,  CONTROLLED  DENSE-GRADED 

Percent 
Crusher  Dust 

0 

25 

50 

75 

100 

Lateral  Pressure 
psi. 

15 

30 

15 

30 

15 

30 

15 

30 

15 

30 

Compressive 
Strength-psi. 

107 
101 

138 
157 

162 
U7 

188 
206 

198 
202 

238 
236 

215 
218 

255 
247 

232 

2a 

263 
277 

Ave.  Compressive 

Strength-psi. 

104 

US 

155 

197 

200 

237 

217 

251 

237 

270 

b 

38.1 

38.1 

38.1 

38.1 

38.1 

a 

21.8 

20.6 

18.2 

16.6 

15.2 

sin  <f) 

0.572 

0.539 

0.476 

0.434 

0.398 

/,  deg. 

34.8 

32.7 

25.8 

23.5 

c,  psi. 

17.1 

33.0 

51.0 

59.2 

69.4 

97. 


TABLE  9 


TRIAilAL  TEST  RESULTS 


CRUSHER  DUST  -  NATURAL  AGGREGATE  BLENDS 
WITHIN  ASTM  SPECIFICATIONS  FOR  BITUI'IINOUS- CONCRETE  i^OXTURRS 

Percent 
Crusher  Dust 

0 

25 

50 

75 

100 

Lateral  Pressure 
psi. 

15 

30 

15 

30 

15 

30 

15 

30 

15 

30 

Compressive 
Strength- psi. 

- 

- 

153 
175 

207 
217 

190 
178 

238 
226 

199 

193 

217 

273 

211 

19? 

251 
258 

Ave.  Compressive 
Strength-psi. 

- 

- 

164 

212 

184 

232 

196 

245 

204 

254 

b 

- 

- 

155.0 

135.0 

135.0 

135.0 

a 

- 

- 

82.0 

83.5 

86.8 

87.8 

sin  i 

- 

- 

0.607 

0.613 

0.643 

0.650 

^,   deg. 

- 

- 

37.4 

38.2 

40.0 

40.5 

c,  psi. 

— 

— 

33.0 

38.0 

40.0 

a.  5 

TABLE  10 

ASTM  AND  MODIFIED  A3TM  TEST  RESULTS 
CONTROLLED  DENSE-GRADED  BITUI'iINOUS-CuNCRETE  MIXTURES 


98. 


ASTM  TEST 

Percent 
Crusher  Dust 

0 

25 

50 

75 

100 

Compressive 
Strength-psi. 

223 
216 

259 
265 

284 
278 

325 

343 

380 
364 

Ave.  Compressive 
Strength-psi. 

219 

262 

281 

334 

372 

Unit  Weight 
Ib./cu.ft. 

147.1 

148.5 

149.1 

U9.7 

150.5 

MODIFIED  ASTM  TEST 

Perc  ent 
Crusher  Dust 

0 

25 

50 

75 

100 

Compressive 
Strength-psi. 

284 
293 

304 
315 

376 
372 

420 
431 

429 
439 

Ave.  Compressive 
Strength-psi. 

288 

309 

374 

425 

434 

Unit  "./eight 
Ib./c-u.ft. 

151.3 

150.9 

151.3 

151.0 

151.0 

TABLE  11 
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A3TM  AND  MODIFIED  A3TM  TEST  RLiSULTS 
CUIJTROLLED  DENSE-GRADED  SAJO)- ASPHALT  filXTURES 


ASTi'i  TEST 

Percent 
Crusher  Dust 

0 

25 

50 

75 

100 

Compressive 
Strength-psi. 

261 

257 

334 

322 

427 
433 

495 
492 

570 

561 

Ave.  Compressive 
Strength-psi. 

259 

328 

430 

A  94 

566 

Unit  'Jeight 
Ib./cu.ft. 

Ul.O 

143.2 

1/..6.5 

147.5 

148.0 

I-'IODIFIED  ASTM  TEST 

Percent 
Crusher  Dust 

0 

25 

50 

75 

100 

Compressive 
Strength-psi. 

278 
284 

351 
342 

385 
391 

488 
494 

512 

525 

Ave.  Compressive 
Strength-psi. 

2S1 

346 

388 

491 

518 

Unit  './eight 
Ib./cu.ft. 

U4.7 

14if.3 

146.5 

146.3 

M5.7 

100. 


TABLE  12 


ASTM  AND  MODIFIED  ASTM  TEST  RESULTS 
CRUSHER  DUST  -  NATURAL  AGGREGATE  BLENDS 
WITHIN  ASTM  SPECIFIGATIUNS  FOR  BITUMIKuUS-CONCRETE  MUCTURES 


A3TK  TEST 

Percent 
Crusher  Dust 

0 

25 

50 

75 

100 

Compressive 

Streng^,h-psi. 

- 

213 

205 

289 

303 

324 

328 

359 

340 

Ave.  Compressive 
Strength-psi. 

- 

209 

296 

326 

350 

Unit  Weight 
Ib./cu.ft. 

141.7 

lhl.5 

149.0 

150.3 

MODIFIED  ASTM  TEST 

Percent 
Crusher  Dust 

0 

25 

50 

75 

100 

Compressive 
Strength-psi. 

- 

274 
268 

290 
306 

306 
330 

322 

338 

Ave.  Compressive 
Strength-psi. 

- 

271 

298 

318 

330 

Unit  I  .'eight 
Ib./cu.ft. 

- 

lU.l 

U7.5 

148.8 

U9.3 

101. 


TABLE  13 

ASPMLT  EXTRACTION  TEST  RESULTS 
CONTROLLED  DEi>ISE-GRADED  BITUl'iIl«iOUS-COi\'CRETE  ^iLXTURES 


Percent  Crusher 
Dust 

0 

25 

50 

75 

100 

Design  Asphalt  Content 
(Percent  Aggregate  Wt.) 

4.6 

4.S 

4.9 

5.1 

5.5 

Design  Asphalt  Content 
(lercent  Total  Mix) 

4.4 

4.6 

4.7 

4.9 

5.2 

Percent  Asphalt  in 

ItLx  Coating  Coarse 

Aggregate 

34 

28 

24 

22 

24 

Percent  Asphalt  in 
I'dx  Coating  Fine 
Aggregate 

66 

72 

76 

78 

76 

Percent  Asphalt 
Coating  Coarse 

Aggregate 
(Percent  of  Coarse 

Aggregate  Wt. ) 

3.5 

3.0 

2.7 

2.4 

3.0 

Percent  Asphalt 
Coating  Fine 
Aggregate 
(Percent  of  Fine 
Aggregate  lit.) 

5.5 

6.3 

6.8 

7.3 

7.6 

102. 
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